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C h a p t e r  I  
INTBODPCTION
1 . 1  S u b j e c t  o f  I n v e s t i g a t i o n
When a  f l u i d  e x i t s  f r o m  a  s u p p l y  t u b e  o r  a  n o z z l e  i n t o  a  
r e g i o n  o f  t h e  s a m e  f l u i d  i t  i s  s a i d  t o  b e  a  s u b m e r g e d  j e t .  
Th e  p r e s e n t  s t u d y  d e a l s  w i t h  a  l a m i n a r ,  a x i s y m n e t r i c  j e t  o f  
a  n o n - N e w t o n i a n  f l u i d  i s s u i n g  f r o m  a r o u n d  p i p e  o r  n o z z l e .  
The  p r o f i l e  a t  t h e  e x i t  o f  t h e  p i p e  d e p e n d s  u p o n  t h e  
r h e o l o g i c a l  p r o p e r t i e s  o f  t h e  f l u i d  a n d  u p o n  t h e  l e n g t h  o f  
t h e  p i p e .  I f  t h e  p i p e  i s  v e r y  s h o r t  t h e  v e l o c i t y  p r o f i l e  i s  
v e r y  n e a r l y  u n i f o r m . .  I f  t h e  t u b e  i s  l o n g  a  b o u n d a r y  l a y e r  
g r o w t h  i s  f o u n d ,  a n d  f u l l y  d e v e l o p e d  p i p e  f l o w  i s  
e n c o u n t e r e d .  T h e  f u l l y  d e v e l o p e d  p i p e  f l o w  v e l o c i t y  p r o f i l e  
i s  p a r a b o l i c  f o r  a l l  N e w t o n i a n  f l u i d s .  Th e  s h a p e  o f  t h e  
v e l o c i t y  p r o f i l e ,  i f  t h e  f l u i d  i s  n o n - N e w t o n i a n ,  c a n  be  
s h o w n  t o  be  d e p e n d e n t  u p o n  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  
t h e  f l u i d .  D e p e n d i n g  o n  t h e  B e y n c l d s  n u m b e r  a t  t h e  t u b e  
e x i t ,  i t  i s  p o s s i b l e  t o  o b t a i n  a  f u l l y  l a m i n a r  j e t , a  
l a m i n a r - t u r b u l e n t  j e t  o r  a  f u l l y  t u r b u l e n t  j e t .  A f u l l y  
l a m i n a r  j e t  e x i t s  f r o m  t h e  s u p p l y  t u b e  a n d  c o m p l e t e l y  
d i f f u s e s  i n t o  t h e  s u r r o u n d i n g  f l u i d ,  w h i l e  a 
l a m i n a r - t u r b u l e n t  j e t  s t a r t s  o u t  l a m i n a r  t h e n  e x p e r i e n c e s  a
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a t r a n s i t i o n  t o  t u r b u l e n t  f l o w -  a f u l l y  t u r b u l e n t  j e t  e x i t s  
f r o m  t h e  s u p p l y  t u b e  w i t h  a  t u r b u l e n t  v e l o c i t y  p r o f i l e  a n d  
c o n t i n u e s  t o  b e  t u r b u l e n t  d o w n s t r e a m -  T h e  d i s t a n c e  f r o m  t h e  
e x i t  p l a n e  t o  t h e  l a m i n a r - t u r b u l e n t  t r a n s i t i o n  r e g i o n  i s  
r e f e r r e d  t o  a s  t h e  l a m i n a r  l e n g t h -  A l l  e x p e r i m e n t a l  v e l o c i t y  
r e a d i n g s  w e r e  w i t h i n  t h i s  l a m i n a r  r e g i o n  o f  t h e  j e t .
T h e  s u b m e r g e d  j e t  i s  k n o wn  t o  h a v e  a  d e v e l o p i n g  r e g i o n  
c l o s e  t o  t h e  e x i t  p l a n e ,  a n d  a  f u l l y  d e v e l o p e d  r e g i o n  
f a r t h e r  down s t r e a m  w h e r e  t h e  v e l o c i t y  p r o f i l e s  t a k e  on  a 
s i m i l a r  f o r m .  T h e  d i s t a n c e  t o  t h e  r e g i o n  w n e r e  t n e  p r o f i l e s  
b e c o m e  s i m i l a r  i s  k n o w n  a s  t h e  d e v e l o p i n g  l e n g t h -  V e r y  f e w  
m e a s u r e m e n t s  h a v e  b e e n  t a k e n  w i t h  n o n - N e w t o n i a n  , l a m i n a r  
j e t s  ,  a n d  n o n e  h a v e  t e e n  f o u n d  t o  e x i s t  i n  t h e  d e v e l o p i n g  
r e g i o n .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h e r e  i s  s c a r c e l y  a n y  
a v a i l a b l e  e x p e r i m e n t a l  d a t a  e v e n  f o r  N e w t o n i a n  j e t s  i n  t h e  
d e v e l o p i n g  r e g i o n .  Th e  l a c k  o f  d a t a  i n  t h e  n o n - N e w t o n i a n  
a r e a  i s  d u e  p r i m a r i l y  t c  t h e  many d i f f i c u l t i e s  w h i c h  a r e  
e n c o u n t e r e d  w h e n  s t u d y i n g  n o n - N e w t c n i a n  f l u i d  f l o w s .  
P r o b l e m s  e x i s t  i n  o b t a i n i n g  r h e o l o g i c a l  d a t a ,  e s p e c i a l l y  i n  
t h e  l o w  s h e a r - r a t e  r a n g e .  D i f f i c u l t i e s  a l s c  a r i s e  whe n  
l o c a t i n g  a  f l u i d  w h i c h  s h o w s  t h e  d e s i r e d  n o n - N e w t o n i a n  
v i s c c m e t r i c  f e a t u r e s  y e t  m e e t s  o t h e r  e x p e r i m e n t a l  c r i t e r i a  
s u c h  a s  f i n d i n g  a t r a n s l u c e n t  f l u i d  f o r  o p t i c a l  
m e a s u r e m e n t s -  T h e s e  a n d  t h e  many  o t h e r  d i f f i c u l t i e s  ma ke  t h e  
e x p e r i m e n t a l  s t u d y  o f  n o n - N e w t c n i a n  f l u i d  f l e w  a c o m p l e x  
t a s k .
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T h e  c l a s s i c a l  t h e o r y  o f  f l u i d  d y n a n i c s  was  d e v e l o p e d  w i t h  
t h e  a s s u m p t i o n s  t h a t  a  f l u i d  w a s  i n c o m p r e s s i b l e  a n d  w i t h o u t  
v i s c o s i t y  o r  e l a s t i c i t y .  R e s u l t s  b a s e d  on t h e s e  a s s u m p t i o n s  
g a v e  u s e f u l  a p p r o x i m a t i o n s  t o  t h e  p e r f o r m a n c e  c f  f l u i d  f l o w  
i n  p r a c t i c a l  a p p l i c a t i o n s ,  b u t  t h i s  i n s i g h t  wa s  l i m i t e d  
u n t i l  p r a n a t l  i n t r o d u c e d  t h e  c o n c e p t  o f  t h e  b o u n d a r y  l a y e r .
Now a  new e v o l u t i o n  i n  f l u i d  m e c h a n i c s  i s  e m e r g i n g  i n  
o r d e r  t o  e x a m i n e  t h e  f l o w  o f  n o n - N e w t o n i a n  f l u i d s  w h o s e  f l o w  
b e h a v i o r  i n  s h e a r  c a n n o t  b e  m o d e l e d  w i t h  a c o n s t a n t  
v i s c o s i t y  . Some  e x a m p l e s  o f  t h e  w a y s  i n  w h i c h  we may a l l  
b e n e f i t  b y  f u r t h e r  s t u d y  o f  n o n - N e w t o n i a n  f l o w  a r e  a s  
f o l l o w s .
P o l y m e r  s o l u t i o n s ,  p a i n t s ,  b i o l o g i c a l  f l u i d s  a n d  
r o u l t i g r a d e  o i l s  a r e  a l l  e x a m p l e s  o f  n o n - N e w t c n i a n  f l u i d s  
w h i c h  a r e  c o m m o n l y  e n c o u n t e r e d ,  S k e l l a n d  ( 1 9 6 7 ) .  
I n f o r m a t i o n  r e g a r d i n g  l a m i n a r  j e t s  i s  o f  i m p o r t a n c e  i n  t h e  
d e s i g n  o f  m a c h i n e s  u t i l i z i n g  i n j e c t i o n  m o l d i n g ,  f o o d  
h a n d l i n g  p r o c e s s e s ,  t u r b u l e n c e  a m p l i f i e r s ,  v o r t e x  a m p l i f i e r s  
a n d  a v i d e  v a r i e t y  o f  o t h e r  a p p l i c a t i o n s -
T h e  u n u s u a l  f l o w  p r o p e r t i e s  o f  p o l y m e r  m e l t s  a n d  
s o l u t i o n s  , t o g e t h e r  w i t h  t h e  d e s i r a b l e  a t t r i b u t e s  o f  many 
p o l y m e r i c  s o l i d s ,  h a v e  r e s u l t e d  i n  d e v e l o p m e n t  o f  t h e  h u g e  
w o r l d  w i d e  i n d u s t r y  o f  p c l y m e r  p r o c e s s i n g .  M a r y  a u t o m o b i l e  
c o m p o n e n t s  a s  w e l l  a s  t h o u s a n d s  o f  h o u s e h o l d  p r o d u c t s  a r e
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4f o r m e d  b y  i n j e c t i o n  m o l d i n g .  D u r i n g  t h i s  p r o c e s s  a  m o l t e n  
p o l y m e r  i s  f o r c e d  i n t o  a  m o l d  w h e r e  i t  i s  a l l c w e d  t o  c o o l  
a n d  s o l i d i f y  b e f o r e  f i n i s h e d  f o r  m a r k e t -  T h e s e  i n d u s t r i e s  
h a v e  m a d e  t h e  s t u d y  o f  n o n - N e w t o n i a n  f l u i d s  an  i m p o r t a n t  
f i e l d .
H a n y  o f  t h e  p e t r o l e u m  c o m p a n i e s  h a v e  s e t  u p  r e s e a r c h  
g r o u p s  t o  s p e c i f i c a l l y  d e a l  w i t h  t h e  f l o w  o f  n o n - N e w t o n i a n  
f l u i d s .  T h e y  h a v e  f o u n d  t h a t  m a n y  o f  t h e  n o n - N e w t o n i a n  
f l u i d s  a r e  a c t u a l l y  t u r b u l e n c e  i n h i b i t o r s ,  a n d  a r e  u s e d  a s  
a d d i t i v e s  t o  i n c r e a s e  t h e  e f f i c i e n c y  o f  t h e i r  p u m p i n g  
e q u i  pmen  t .
T h e  p e t r o l e u m  i n d u s t r y  u s e s  l a r g e  q u a n t i t i e s  o f  " d r i l l i n g  
m u d s "  t o  l u b r i c a t e  t h e  d r i l l  b i t  a n d  t o  c a r r y  r o c k  c h i p s  
a w a y  d u r i n g  t h e  d r i l l i n g  p r o c e s s .  I t  i s  i m p o r t a n t  i n  t h i s  
a p p l i c a t i o n  t o  h a v e  a  p s e u d o p l a s t i c  f l u i d -  T h i s  f l u i d  m u s t  
e x h i b i t  l o w  v i s c o s i t y  u n d e r  s h e a r  b u t  t h i c k e n  a t  r e s t ,  
t h u s  p r e v e n t i n g  t h e  r a p i d  s e t t l i n g  o f  c h i p s  w h e n  t h e  
d r i l l i n g  u n i t  i s  n o t  i n  o p e r a t i o n -
F u r t i e r  e x a m p l e s  a r e  f o u n d  i n  t h e  f o o d  h a n d l i n g  a n d  
p r o c e s s i n g  a r e a  s i n c e  m o s t  l i q u i d  f o o d s t u f f s  a r e  
n o n - N e w t o n i a n ,  S c h o w a l t e r  J 1 S 7 9 ) .
R e c e n t l y  t h e  s t u d y  o f  n o n - N e w t o n i a n  f l u i d  f l o w  h a s  b e e n  
g i v e n  mu c h  a t t e n t i o n  b y  t h e  m e d i c a l  c o m m u n i t y ,  a s  r e s e a r c h  
i n t o  a r e a s  s u c h  a s  b l o o d  f l o w  a n d  t h e  c o r o n a r y  s y s t e m  h a v e  
i n t e n s i f  i e d .
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5H a n y  o f  t h e  c o m p o n e n t s  o f  t h e  h u m a n  c a r d i o v a s c u l a r  s y s t e m  
a r e  b e i n g  m o d e l e d  b o t h  n u m e r i c a l l y  a n d  e x p e r i m e n t a l l y .  I t  i s  
o f  i m p o r t a n c e  i n  t h i s  f i e l d  t o  f i n d  f l u i d s  t h a t  h a v e  s i m i l a r  
r h e o l o g i c a l  p r o p e r t i e s  a s  b l o o d ,  y e t  s a t i s f y  o t h e r  
e x p e r i m e n t a l  c r i t e r i a ,  s u c h  a s  f l o v  b i r e f r i n g e n c e  f o r  f l o w  
v i s u a l i z a t i o n  o r  o p t i c a l  c l a r i t y  f o r  L a s e r  D o p p l e r  
a n e m c m e t r y  w o r k .  T h e  w o r k  d o n e  i n  t h i s  a r e a  may e x t e n d  t h e  
h u m a n  l i f e - s p a n ,  a s  we b e g i n  t o  u n d e r s t a n d  t h e  p h y s i o l o g i c a l  
p r o c e s s e s  o f  t h e  c a r d i o v a s c u l a r  s y s t e m ,
J , 3 A i ms
T h e  a i m s  o f  t h e  p r e s e n t  s t u d y  a r e  a s  f o l l o w s :
1, To m o d e l  t h e  f l o w  f i e l d  o f  a  n o n - N e w t o n i a n  j e t  i n  b o t h
t h e  d e v e l o p i n g  a n d  f u l l y  d e v e l o p e d  r e g i o n s
2 ,  To  c o m p a r e  d i f f e r e n t  n o n - N e w t o n i a n  m o d e l s  a n d  t o
i n v e s t i g a t e  t h e i r  l i m i t a t i o n s ,
3,  To  e x a m i n e  e x p e r i m e n t a l l y  t h e  j e t  o f  a  n o n - N e w t o n i a n
f l u i d  a n d  d e t e r m i n e  :
a .  D e v e l o p i n g  l e n g t h
b .  T h e  s t r u c t u r e  o f  t h e  j e t  a s  t h e  f l u i d  d i v e r g e s  
a w a y  f r o m  N e w t o n i a n  b e h a v i o r -
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61 . U P r e s e n t a t i o n  Ou t l i n e
T h e  i n f o r m a t i o n  p r e s e n t l y  a v a i l a b l e  ' b o t h  e x p e r i m e n t a l  
a n d  t h e o r e t i c a l )  i n  t h e  l i t e r a t u r e  i s  p r e s e n t e d  i n  C h a p t e r
I I -  d i s c u s s e d .  C h a p t e r  I I I  c o n t a i n s  t h e  t h e o r e t i c a l  
i n v e s t i g a t i o n s  f o r  b o t h  F o w e r - I a w  a n d  P o w e r - S e r i e s  f l u i d s .  
I h e s e  r e s u l t s  a r e  c o m p a r e d  w i t h  r e s u l t s  f r o m  p r e v i o u s  
i n v e s t i g a t i o n s .  C h a p t e r  I V  d e a l s  w i t h  t h e  s t u d y  o f  a  
n o n - N e w t o n i a n  j e t  o f  a P o w e r - L a w  f l u i d  w i t h  a  u n i f o r m  e x i t  
v e l o c i t y  p r o f i l e -  C h a p t e r  V d i s c u s s e s  t h e  e x p e r i m e n t a l  
d e t a i l s  o f  t h e  s t u d y  o f  a  n o n - N e w t o n i a n  j e t  w i t h  a  f u l l y  
d e v e l o p e d  t u b e  f l o w  p r o f i l e  a t  t h e  e x i t .  C h a p t e r  VI  i s  a  
s u m m a r y  o f  a l l  t h e  c o n c l u s i o n s  f o u n d  i n  t h e  p r e v i o u s  
c h a p t e r s  a l o n g  w i t h  t h e  r e c o m m e n d a t i o n s  f o r  f u r t h e r  w o r k .
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C h a p t e r  I I  
LI TERATURE SURVEY
_2. 1 I n t r o d u c t i o n
T h e  l i t e r a t u r e  i n  t h i s  c h a p t e r  i s  m a i n l y  r e s t r i c t e d  t o  
n o n - N e w t o n i a n , i s o t h e r m a l ,  i n c o m p r e s s i b l e ,  s u b m e r g e d  j e t s .  
S e c t i o n  2 .  h e n t i t l e d ,  ’' R e l a t e d  w o r k " ,  d e a l s  w i t h  l i t e r a t u r e  
w h i c h  w a s  t a k e n  f r o m  N e w t o n i a n  j e t  s t u d i e s  t h a t  a r e
p e r t i n e n t  t o  t h e  n o n - N e w t c n i a n  p r o b l e m ,
2^.2 T h e o r e t i c a l  Wo r k
•2a.2aJ  ywo  D i m e n s i o n a l  S l o t  J e t s
K a p u r  ( 1 9 6 2 )  w a s  t h e  f i r s t  i n v e s t i g a t o r  t c  s o l v e  t h e  
b o u n d a r y  l a y e r  e q u a t i o n s  f o r  a n  i n c o m p r e s s i b l e ,  
p s e u d o p l a s t i c , t w o  d i m e n s i o n a l  s l o t  j e t -  K a p u r  i n  a n  
a p p r o a c h  s i m i l a r  t o  t h a t  o f  S c h l i c h t i n g  ( 1 9 6 9 )  a r r i v e d  a t  a 
s i m i l a r i t y  s o l u t i o n  f o r  a P c v e r - l a w  t y p e  f l u i d .  T h e  j e t  
i s s u e s  f r o m  a n  i n f i n i t e l y  l o n g  l i n e  s o u r c e  w i t h  v e l o c i t y  
c o m p o n e n t s
( -  TftO
u = a b x f ' (n) (2,  1)
a n d
 ^ 1 ^( -  t " )
v = -  x ( f  -  2u f ' )  ( 2,  2)3n
-  7 -
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8Vi h O  E  G
2 " 2 / 3 , b = 1 ( 2 .  3 ,  2-  4)
, f = E * z ( 2 .  5 ,  2.  6)
X
CO n+1 vl-2n
( 1  +  x  n  )
o
K a p u r  c o n c l u d e d  t h a t  t h e  n o n - N e w t o n i a n  f l u i d  j e t  s p r e a d  w a s  
a t  a  g r e a t e r  r a t e  t h a n  t h a t  f o r  N e w t o n i a n  j e t -
S h o r t l y  a f t e r  K a p u r ' s  w o r k  G u t f i n g e r  a n d  S h i n n a r  ( 1 9 6 2 )  
s o l v e d  t h e  s a m e  s e t  o f  e q u a t i o n s  a s  K a p u r  . T h e y  a l s o  
p e r f o r m e d  m e a s u r e m e n t s  i n  a  n o n - N e w t o n i a n  s l o t  j e t ,  t u t  w i t h  
c n l y  m o d e r a t e  s u c c e s s .  G u t f i n g e r  a n d  S h i n n a r  f o u n d  t h e  
v e l o c i t y  w i t h  t h e  a i d  o f  a  p h o t o g r a p h i c  t r a c e r  t e c h n i q u e .  
I n e i r  t h e o r e t i c a l  r e s u l t s  s e e m e d  t o  h a v e  v e r y  l i t t l e  
c o r r e l a t i o n  w i t h  t h e  e x p e r i m e n t a l  d a t a .
V a l a c h p o u l o s  a n d  S t o u n a r a s  ( 1 8 7 5 )  n u m e r i c a l l y  i n t e g r a t e d  
t h e  b o u n d a r y  l a y e r  e q u a t i o n s  f o r  a  E o w e r - L a w  f l u i d  , i s s u i n g  
f r o m  a n  i n f i n i t e l y  l o n g  s l o t .  T h e y  w e r e  a b l e  t o  c o n c l u d e  
t h a t  i n  t h e  r e g i o n  f a r  f r o m  t h e  n o z z l e  g o o d  a g r e e m e n t  
e x i s t e d  b e t w e e n  t h e i r  r e s u l t s  a n d  t h e  r e s u l t s  i n d i c a t e d  by  
c l o s e d  f o r m  s i m i l a r i t y  s o l u t i o n s .
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92Q_ A x i s y m m e t r i c  N e w t o n i a n  J e t s
S c h l i c h t i n g  ( 1 9 6 9 )  w a s  t h e  f i r s t  a u t h o r  t o  d e r i v e  a  
s o l u t i o n  t o  t h e  b o u n d a r y  l a y e r  e q u a t i o n s  f o r  a N e w t o n i a n  
j e t -  T h e  v e l o c i t y  p r o f i l e s  w e r e  a s s u m e d  t o  b e  s i m i l a r  a n d  
t h e  f l u i d  i s s u e d  f r o m  a p o i n t  s o u r c e .  T h e  p r e s s u r e  g r a d i e n t  
d p / d x  c a n  b e  n e g l e c t e d ,  b e c a u s e  t h e  c o n s t a n t  p r e s s u r e  i n  t h e  
s u r r o u n d i n g  f l u i d  i m p r e s s e s  i t s e l f  o n  t h e  j e t .  S i n c e  t h e  
s o l u t i o n  a s s u m e s  a  s i m i l a r i t y  f o r m  o f  t h e  v e l o c i t y  p r o f i l e s  
t h e  c o m p a r i s o n  w i t h  e x p e r i m e n t a l  w o r k  i s  f o u n d  t o  b e  
p r o g r e s s i v e l y  w o r s e  a s  t h e  e x i t  p l a n e  o f  t h e  t u b e  i s  
a p p r o a c h e d .  S c h l i c h t i n g 1 s  s o l u t i o n  h a s  b e e n  v e r i f i e d  
e x p e r i m e n t a l l y  , a n d  s e e m s  t o  f i t  e x p e r i m e n t a l  j e t s  q u i t e  
w e l l  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n .  S c h l i c h t i n g ’ s  w o r k  i s  
u s e d  a s  a  r e f e r e n c e  a n d  a  f i r s t  s t e p  i n  n e s t  o f  t h e  
n o n - N e w t o n i a n  j e t  s t u d i e s  t o  d a t e ,  t h e  a x i a l  v e l o c i t y  
c o m p o n e n t s  a r e  g i v e n  a s
u = - 5 ^  _ i _  2 : 2 -  3)
8¥S ( l -Ur f2 )
a n d
v I  S - S 3 ( 2 - 9 )
V 4 ttp . . . .  2
(1 + € )
" ne r e
5 ”  h  ~ 1  ( 2 - 1 0 )oV Ttp x
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L a n d a u ( 1 5 67) wa s t  he f i r s t i n v e s t i g a t o r  t o f i n d an e x a c t
a n a l y t i c a l s c l u  t i o n t o t h e  Na v i e r - S t o k e s  e g u a t i o n £ f o r  a n
a x i s y m m e t r i  c , s u b r a e r g e d , Ne w t o n i a n  j e t . T he  mc t i o n  i s
a x i a l l y  s y o n e t r i c a l  a r c u n d  t h e p o l a r a x i s ,  s o t h a t ( c h c o s i  n g
s p h e r i c a l CO o r  d i n a t e s  r # 6 / 0 ) V  = 0 ,  a n d Vr a n d Ve a r e
f  u n c t i o n  s o f r a n e o  n l y . T h e r a d i a l a nd a z i m u t h a l
c o o p c n e n  t s a r e g i  v e n a s
Vr = F ( 6 ) ( 2 - 1 1 )
r
and
ve =  £ ' 6 > ( 2 . 1 2 )
r
and
f  (6)  = ; 2 * L > * s i n 6 )  ' 2 . 1 3 )
( a - c o s 0 )
. F= - d f  - £
d e ­
c o t e 1 2 - 1 4 )
whe r  e
J = 16tr v p C{1 + C 0 C+l-i I  ln  A—T ( 2 . 1 5 )
-2x3-. _1 Non-Nev t o n i a n  Axi s y m m e tr ic  J e t s
S e r t h  £ 1 S 7 2 )  w a s  t h e  f i r s t  a u t h o r  t o  s o l v e  t h e  
a x i s y m t n e t r i e  n o n - N e w t o n i a n  j e t  p r o b l e m .  M i t w a l l y  ' 1 9 7 3 )  s i x  
y e a r s  l a t e r  o t t a i n e d  t h e  s a m e  s o l u t i o n  a s  S e r t h  w i t h
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a l m o s t  t h e  e x a c t  s a m e  a n a l y s i s -  B o t h  s o l u t i o n s  e m p l o y  a  
s i m i l a r i t y  v a r i a b l e  t o  r e d u c e  t h e  b o u n d a r y  l a y e r  e q u a t i o n s  
f r o m  a  s e t  o f  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  t o  a s e t  o f  
o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s -  W i t h  t h e  i n t r o d u c t i o n  o f  
t h e  c o n c e p t  o f  a  s t r e a m  f u n c t i o n  i t  w a s  p o s s i b l e  t o  r e d u c e
t h e  s y s t e m  t c  a  s i n g l e ,  n o n - l i n e a r  o r d i n a r y  d i f f e r e n t i a l
o q u a t i c n  g i v e n  by
1.
.  f .  5 ( ^ 1 , ”  ( 2 . 1 6 )
I h e  v i s c o s i t y  m o d e l  w a s  t h a t  o f  a P o w e r - l a w  f l u i d  g i v e n  by
* - *i&rl f? (2- i7>
I h e  v e l o c i t y  c o m p o n e n t s  a r e
-2 n+l -1
F' [2m 1 8)3(n-l) 3(n+l) 2n-lu = (2n~l) y x
<-9
and
' 2-3n 2n-l
v =  (2n-l)3(n-1) y3(n"1) z"1 (F1 -  | )  (2.19)
I h e  p a r a m e t e r  £ i s  r e l a t e d  t o  t h e  j e t  mome n t um a s  f o l l o w s
2(2n-l)
n 2 _2 3(n-l) o2ir p u D Y ' °° 2
  2  /  (2 . 2 0 )
Re n+1 ( 2 n - l ) 3 ( n - 1). gen
e q u a t i o n  ( 2 - 1 6 )  w a s  n u m e r i c a l l y  i n t e g r a t e d  by a  
S u n g e - K u t t a  p r o c e d u r e  i n  c r d e r  t h e  s o l v e  f o r  t h e  f l o w  f i e l d .  
The r e s u l t s  a r e  o n l y  v a 2 i d  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n  
b e c a u s e  o f  t h e  u s e  o f  a  s i m i l a r i t y  v a r i a b l e -  The  r e s u l t s
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i n d i c a t e  t h a t  t h e  j e t  d e c a y s  f a s t e r  a n d  s p r e a d s  a t  a  g r e a t e r  
r a t e  f o r  a  p s e u d o p l a s t i c  { s h e a r  t h i n n i n g )  j e t  t h a n  f c r  a  
d i l a t a n t  ( s h e a r  t h i c k e n i n g )  j e t .
2. 3 . 2  E x p e r i m e n t a l  Wo r k  w i t h  n o n - N e w t o n i a n  F l u i d s .
S e r t h  ( 1 5 7 2 )  p r e s e n t e d  d a t a  f o r  a s u b m e r g e d ,
n o n - N e w t o n i a n  j e t  a l o n g  t h e  c e n t r e  l i n e .  An a q u e o u s  
s o l u t i o n  o f  S e p a r a n  A P 3 0 ,  a  h i g h  m o l e c u l a r  w e i g h t
P o l y a c r y l a m i d e  m a n u f a c t u r e d  by  t h e  Cow C h e m i c a l  C o m p a n y  w a s  
u s e d  [ P r o d u c t  a n a l y s i s  R e p o r t  ( 1 9 8 3 )  ] .  Th e  j e t  w a s  f o r m e d
by f o r c i n g  t h e  f l u i d  t h r o u g h  a  9 . 5  ram o r i f i c e ,  t h e  v e l o c i t y  
was  m e a s u r e d  w i t h  t h e  a i d  o f  a h o t - f i l m  a n e m o m e t e r .  T h e  
r e s u l t s  s h o w e d  a n  i n i t i a l  s h a r p  d e c l i n e  w h i c h  S e r t h  
e x p l a i n e d  w a s  d u e  t o  t h e  v i s c o e l a s t i c  e x p a n s i o n  o f  t h e  j e t .  
O n f o r t u n a t e l y , n o  r a d i a l  p r o f i l e s  o f  a x i a l  v e l o c i t y  w e r e  
o b t a i n e d  f o r  t h i s  j e t .
T h e  o n l y  o t h e r  k n o w n  e x p e r i m e n t a l  s t u d y  o f  a n  
a x i s y m m e t r i c , l a m i n a r  n o n - N e w t o n i a n  j e t s  i s  t h e  s t u d y  by  
V a s s e u r  a n d  R o b i l l a r d  ( 1 9 8 1 )  T h e  t e s t  f l u i d s  u t i l i z e d  w e r e  
a q u e o u s  s o l u t i o n s  o f  p o l y e t h y l e n e ,  a n d  G u a r  Gum w i t h  
c o n c e n t r a t i o n s  b e t w e e n  0 a n d  1 0 0 0  p p m .  Th e  j e t s  o f  
p o l y e t h y l e n e  w e r e  h i g h l y  v i s c o e l a s t i c  a n d  e x h i b i t e d  a s h a r p  
o x p a n s i o n  a t  t h e  n o z z l e  e x i t .  T h i s  i s  r e f e r r e d  t o  a s  " D i e  
S w e l l " .  T h e  s t u d y  c l a i m s  t h a t  t h e  v i s c o e l a s t i c
n o n - N e w t o n i a n  l a m i n a r  j e t s  t e n d  t o  s p r e a d  f a s t e r  t h a n  t h e  
i n e l a s t i c  j e t s .  T h e  v i s c o e l a s t i c  j e t  o f  p o l y e t h y l e n e  f l u i d
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was  f o u n d  t o  s p r e a d  m o r e  t h a n  t h e  i n e l a s t i c  s o l u t i o n  o f  G u a r  
Gum.  T h e  m i x t u r e  c f  w a t e r  a n d  G u a r  Gum p r o d u c e s  a 
n o n - N e w t o n i a n  s o l u t i o n  w h i c h  h a s  h e e n  u s e d  a s  a  d r a g  
r e d u c e r .  T h e  G u a r  Gum s o l u t i o n s  s h o w e d  a '‘n e g l i g i b l e  
i n f l u e n c e  o n  t h e  j e t s  e v e n  i f  t h e  s o l u t i o n s  u s e d  w e r e  o f  
v e r y  h i g h  c o n c e n t r a t i o n s ” .
T h e  j e t  wa s  f o r m e d  by f o r c i n g  t h e  f l u i d  t h r o u g h  a  n o z z l e  
w h i c h  w a s  c o n n e c t e d  by f l e x i b l e  t u b i n g  t o  a  p u m p .  T h e  
v e l o c i t y  p r o f i l e s  w e r e  t a k e n  w i t h  a  h o t  f i l n  a n e m o m e t e r  
w h i c h  w a s  c a l i b r a t e d  f o r  e a c h  l i q u i d -  T h e  S e y n o l d s  n u m b e r  
v a r i e d  b e t w e e n  163  t o  3 6 9  a n d  a x i a l  d i s t a n c e s  b e t w e e n  4 < 
x / d  < 2 0 .  U n f o r t u n a t e l y  t h e  o n l y  v i s c o m e t r i c  d a t a  g i v e n  w a s  
t h e  v i s c o s i t y  a t  o n e  u n s p e c i f i e d  s p e e d  w i t h  a B r o o k f i e l d  
v i s c o m e t e r .  T h i s  i s  q u i t e  a  d r a w b a c k  s i n c e  t h e s e  f l u i d s  a r e  
k n o w n  t o  b e  s h e a r  t h i n n i n g  f l u i d s .
S e r t h  ( 1 9 6 9 )  i n v e s t i g a t e d  t u r b u l e n t  j e t s  o f  a q u e o u s  
s o l u t i o n s  o f  S e p a r a n  AE30 a n d  C a r b o p o l .  M e a s u r e m e n t s  w e r e  
ma de  w i t h  a  h o t  f i l m  a n e m o m e t e r s .  i n  t h e  f u l l y  t u r b u l e n t  
p o r t i o n  o f  t h e  j e t  i t  wa s  f o u n d  t h a t  t h e  a d d i t i v e s  a f f e c t e d  
t h e  f l o w  v e r y  s l i g h t l y .  He c o n c l u d e d  t h a t  t h e  a d d i t i o n  o f  
t h e  p o l y m e r  c a u s e d  a  s l i g h t  d e c r e a s e  i n  t h e  v e l o c i t y  d e c a y ,  
a n d  a n  u n e x p e c t e d  d e c r e a s e  i n  t h e  s p r e a d  c f  t h e  j e t .  
S p e c t r a l  a n a l y s i s  o f  t h e  t u r b u l e n c e  r e v e a l e d  a  s h i f t  c f  t h e  
e n e r g y  s p e c t r u m  t o  l o w e r  w a v e n u m b e r s  i n  t h e  p o l y m e r  
s o l u t i o n s .  T h e  a m o u n t  o f  t h e  s h i f t  w a s  f o u n d  t o  i n c r e a s e
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w i t h  i n c r e a s i n g  p o l y m e r  c o n c e n t r a t i o n -  S e r t h  n o t e d  t h a t  t h e  
r e s p o n s e  o f  t h e  h o t  f i l i r  a n e m o m e t e r  wa s  a f f e c t e d  b y  t h e
s t r u c t u r e  o f  t h e  f l o w ,  h e n c e  c a r e  m u s t  b e  t a k e n  wh e n  d e a l i n g
w i t h  t h i s  e g u i p m e n t  s i n c e  t h e  r e s p o n s e  i s  a  f u n c t i o n  o f  
t u r b u l e n c e  i n t e n s i t y .
T u r b u l e n t  n o n - N e w t o n i a n  j e t s  w e r e  e x a m i n e d  b y  W h i t e  
( 1 9 6 7 ) .  V e l o c i t y  p r o f i l e s  w e r e  f o u n d  w i t h  t h e  a i d  o f  a  
p i t o t  s t a t i c  t u b e  i n  a q u e o u s  s o l u t i o n s  o f  150  ppm G u a r  Gum 
a n d  5 0  ppm s o l u t i o n s  o f  P o l y c x .  T h e  j e t  w a s  f o r m e d  b y  
p u m p i n g  t h e  f l u i d  t h r o u g h  a  n o z z l e  a t  B e y n c l d s  n u m b e r s
b e t w e e n  3 4 , 0 0 0  a n d  6 3 , COO- T h e  B e y n o l d s  n u m b e r  w a s  b a s e d  o n
t h e  i n t r i n s i c  v i s c o s i t y  g i v e n  a s
= 1 . 2 5  * l C f 4 Mw° - 78 ( 2 . 2 1 )
W h i t e  wa s  a b l e  t o  d e t e r m i n e  t h a t  t h e  a d d i t i o n  o f  t h e  
p o l y m e r s  s l i g h t l y  r e d u c e d  t h e  c e n t r e  l i n e  v e l o c i t i e s ,  a n d  
f o u n d  t h a t  t h e  v e l o c i t y  p r o f i l e s  w e r e  n o t  r e a l l y  a n y  
d i f f e r e n t  t h a n  t h o s e  e n c o u n t e r e d  i n  w a t e r -  T h e  f a c t  t h a t  n o  
v i s c c m e t r i c  d a t a  w a s  g i v e n  p r e v e n t s  t h e  s t u d y  f r o m  
c o n c l u d i n g  a n y  i m p o r t a n t  d e t a i l s  a b o u t  t h e  p a r t i c u l a r  
f l u i d ' s  v i s c o u s  b e h a v i o r .
S e r t h  b e c a m e  i n t e r e s t e d  i n  s t u d y i n g  S e p a r a n  s o l u t i o n s  
a f t e r  i t  w a s  f o u n d  t o  b e  a n  e f f e c t i v e  d r a g  r e d u c i n g  a g e n t .  
T h e  t u r b u l e n t  f r i c t i o n a l  r e s i s t a n c e  o f  d i l u t e  p o l y m e r  
s o l u t i o n s  s u c h  a s  S e p a r a n  AP30 c a n  b e  a s  l ow a s  o n e - g u a r t e r
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t h a t  o f  t h e  p u r e  s o l v e n t *  T h i s  d r a g  r e d u c t i o n  p h e n o m e n a  i s  
u s e d  i n  c o n n e c t i o n  w i t h  f i r e - f i g h t i n g  , o i l  p u m p i n g  a n d  i n  
t h e  b o a t i n g  i n d u s t r y  a s  n o t e d  b y  H o y t  ( 1 9 7 2 ) .
B a r k e r ^  ( 1 S 7 3 )  i n v e s t i g a t e d  r o u n d ,  t u r b u l e n t ,
n o n - N e w t o n i a n  j e t s  o f  P o l y o x  i n  c o n c e n t r a t i o n s  v a r y i n g  
b e t w e e n  20 t o  2 0 0  ppm.  T h e  L a s e r - D o p p l e r  A n e m o m e t e r  w a s  
f o u n d  t o  b e  i d e a l l y  s u i t e d  f o r  t h e  e x p e r i m e n t s  s i n c e  t h e  
m e a s u r e m e n t s  a r e  c o m p l e t e l y  i n d e p e n d e n t  o f  t h e  p h y s i c a l  
p r o p e r t i e s  o f  t h e  f l u i d  , w h i c h  i s  n o t  t h e  c a s e  f o r  h o t - f i l r a  
a n d  p i t o t  s t a t i c  t u b e  m e a s u r e m e n t s .  F o r  a j e t  i s s u i n g  f r o m  a 
c o n v e r g i n g  n o z z l e  w i t h  E e y n o l d s  n u m b e r s  r a n g i n g  f r o m  5 0 0 0  
t o  5 C , 0 0 0 ,  t h e  a d d i t i v e s  w e r e  f o u n d  t o  h a v e  n c  e f f e c t  u p o n  
t h e  m e a n  a x i a l  v e l o c i t y  o r  t u r b u l e n c e  i n t e n s i t y  a t  a n y  p o i n t  
i n  t h e  j e t .  F o r  a  j e t  i s s u i n g  f r o m  a l o n g  c i r c u l a r  p i p e ,  
t h e  a d d i t i v e s  s l i g h t l y  r e d u c e d  t h e  c e n t r e - l i n e  v e l o c i t y  a n d  
i n c r e a s e d  t h e  t u r b u l e n c e  l e v e l , t u t  o n l y  i n  t h e  d e v e l o p i n g  
r e g i o n  o f  t h e  j e t .
2 * 3 . 3  N e w t o n i a n  A x i s v mme t r i c  J e t s  w i t h  a  P n i f c rm Ve l o c i t y  
P r o f i l e
T o  d a t e  t h e r e  h a s  t e e n  n c  w o r k  p r e s e n t e d  i n  t h e  a r e a  o f
n o n - N e w t o n i a n  j e t s  w i t h  a  u n i f o r m  v e l o c i t y  p r o f i l e  a t  t h e
t u b e  e x i t -
G r e e n e  ( 1 5 7 3 )  h a s  p r e s e n t e d  p e r h a p s ,  t h e  b e s t  m e t h o d  
f o r  p r o d u c i n g  a  u n i f o r m  j e t  o f  a  N e w t o n i a n  f l u i d .  G r e e n e
u s e d  a  p o r o u s  n o z z l e  c o n n e c t e d  t o  a l a r g e  p i p e  w h i c h
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a r r a n g e r a e n t he w a s a b l e t a p r
v e l o c i t y  p r o f  i l e . T h i s wo r k
c u t e r  s p a c e wh e r e  l o w  Re y n c l d
e n c o un t e r e d - To t h e  b e s t  o f
a r e t h e  o n l y e x p e r i m e n t a 1 p r
l a m i n a r  j e t w i t h a n i  n i t  i a l i y
a c c u r a t e l y r e p r e s e n t  t h e d e v e l o
16
v a c u u m  c h a m b e r -  f i i t h  t h i s
o d u c e  a  j e t  w i t h  a  u n i f o r m  
w a s  d o n e  t o  s i m u l a t e  f l o w  i n  
s  n u m b e r  f l o w s  a r e  c o m m o n l y  
t h e  a u t h o r s  k n o w l e d g e  t h e s e  
o f i l e s  f o r  a n  a x i s y r a m e t r i c  
u n i f o r m  v e l o c i t y  p r o f i l e  t h a t  
p i n g  r e g i o n -
2 ,  4 V i s c o s i t y  a n d  n o n - N e w t o n i a n  R e y n o l d s  H u m b e r
I n  t h e  f i e l d  o f  n o n - N e w t o n i a n  f l u i d  f l e w  t h e i r  a r e  
n u m e r o u s  w a y s  o f  d e t e r m i n i n g  t h e  H e y n o l d s  n u m b e r -  T h r e e  o f  
t h e  m o s t  c o mmo n  w a y s  a r e  a s  f o l l o w s :
1.  T h e  P c w e r - L a w  R e y n o l d s  n u m b e r .
e  s  n n
Re i =  ------------- ----------- ( 2 . 2 2 )
K (6n+2)
2- T h e  G e n e r a l i z e d  R e y n o l d s  c u m b e r .
—2-i-un
Re =  — ( 2 . 2 3 )gen k
3-  T h e  R e y n o l d s  n u m b e r  b a s e d  o n  t h e  v i s c o s i t y  a t  t h e
w a l l -
RQW = ( 2 .  24 )W j) * 7' / W
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T h e  P o w e r - L a w  R e y n o l d s  n u m b e r  R e p i  h a s  b e e r  d e r i v e d  b y  
K e t z n e r  119 5 5)  b y  f o r c i n g  a l l  t h e  l a m i n a r  p i p e  f r i c t i o n  d a t a  
t o  l i e  o n  t t e  l i n e
f =  16__________________________________  ' 2 .  25 )
R e p l
T h e  g e n e r a l i z e d  R e y n o l d s  n u m b e r  Re  c a n  b e  d e r i v e d  by ? J g e n
n o n - d i m e n s i o n a l i z i n g  t h e  m o me n t u m e q u a t i o n  w i t h  a P o v e r - L a w
v i s c o s i t y  m o d e l .
T h e  R e y n o l d s  n u m b e r  b a s e d  o n  t h e  v i s c o s i t y  a t  t h e  w a l l #
Eew h a s  b e e n  f o u n d  t o  be  q u i t e  u s e f u l  b y  Ch o  a n d
H a r n e t t  ( 1 9 9 2 ) .  N u m e r o u s  e x p e r i m e n t a l  f i n d i n g s  b y  H a r n e t t  a n d
Cho h a v e  l e a d  t h e m  t o  b e l i e v e  t h a t  t h e  u s e  o f  Re . ,  h a s  h e l p e dw
t h e m  t o  c o l l a p s e  m o s t  o f  t h e i r  d a t a  i n  t h e  a r e a  o f  
n o n - N e w t o n i a n  f l u i d  f l e w  e x p e r i m e n t s .
2 . 5  T h e  E n t r y  L e n g t h  i n  a  T u b e 
C o l l i n s  a n d  S c h o w a l t e r  { 1 9 6 3 )  
t o  e s t i m a t e  t h e  e n t r y  l e n g t h  
f l u i d .  T h e  f l o w  e n t e r e d  a n  a x i  
v e l o c i t y  p r o f i l e ,  a n d  t h e  e n t  
t h e  d i s t a n c e  f r o m  t h e  t u b e  i n  
v e l o c i t y  h a d  r e a c h e d  99% c f  i t s  
t h e  f u l l y  d e v e l o p e d  r e g i m e  i s  
a r b i t r a r y  c r i t e r i o n  s u c h  a s  t h  
s o u g h t .  I t  wa s  f o u n d  t h a t  a  
i n d e x ,  n c a u s e s  a n  i n c r e a s e  i n
i n i t i a t e d  a  n u m e r i c a l  s t u d y  
o f  a  P o v e r - L a w  n o n - N e w t o n i a n  
s y m m e t r i c  p i p e  w i t h  a u n i f o r m  
r y  l e n g t h  w a s  s e l e c t e d  t o  b e  
l e t  t o  w h e r e  t h e  c e n t r e - l i n e  
f u l l y  d e v e l o p e d  v a l u e .  S i n c e  
a p p r o a c h e d  a s y m p t o t i c a l l y  a n  
e  o n e  j u s t  m e n t i o n e d  m u s t  b e  
r e d u c t i o n  o f  t h e  P c w e r - L a w  
t h e  d e v e l o p i n g  l e n g t h .
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_2-_6 T h e  D e v e l o p i n g  L e n g t h
T h e  d i s t a n c e  f r o m  t h e  t u b e  e x i t  t o  t h e  r e g i o n  c f  f u l l y  
d e v e l o p e d  f l o w  h a s  b e e n  e s t i m a t e d  b o t h  e x p e r i m e n t a l l y  a n d  
t h e o r e t i c a l l y ,  s i n c e  t h e  d e v e l o p i n g  l e n g t h  i s  r e a c h e d  
a s m p t o t i c a l l y  a n  a r b i t r a r y  c r i t e r i o n  m u s t  b e  u s e d  t o  
d e t e r m i n e  t h e  l o c a t i o n  w h e r e  t h e  v e l o c i t y  p r o f i l e s  b e c o m e  
s i m i l a r .  D m i t r i e v  a n d  K u l e s o v a  ( 1 9 7 4 )  a s  w e l l  a s  A r u l r a j a  
( 1 9 3 2 )  f o u n d  t h e o r e t i c a l  e x p r e s s i o n s  f o r  t h e  d e v e l o p i n g  
l e n g t h  .  R a n k i n  ( 1 9 6 0 )  a n d  du P l e s s i s  e t -  a l .  ( 1 9 7 3 )
e x p e r i m e n t a l l y  d e t e r m i n e d  t h e s e  v a l u e s  f o r  a  N e w t o n i a n
a x i s y m m e t r i c ,  s u b m e r g e d  j e t .  T h e  f a c t  t h a t  t h e  s a m e
c r i t e r i o n  w a s  n o t  u s e d  f o r  d e t e r m i n a t i o n  o f  t h e  j e t  
d e v e l o p i n g  l e n g t h  c a u s e s  s o m e  s c a t t e r .
2 . 7  L a m i n a r  L e n g t h
W i t h  a  s t u d y  o f  l a m i n a r  j e t s  i t  i s  i m p o r t a n t  t h a t  a l l  
m e a s u r e m e n t s  r e m a i n  o u t  o f  t h e  t u r b u l e n t  o r  t r a n s i t i o n  
r e g i m e .  I t  i s  t h e r e f o r e  i m p o r t a n t  t h a t  t h e  l a m i n a r  l e n g t h  
o f  t h e  j e t  b e  k n o w n .
M c N a u g h t c n  a n d  S i n c l a i r  ( 1 9 6 6 )  m e a s u r e d  t h e  l a m i n a r  
l e n g t h  o f  a  N e w t o n i a n  s u b m e r g e d  j e t  i n  s h o r t  c y l i n d r i c a l  
v e s s e l s .  T h e  j e t  w a s  f o r m e d  b y  u s i n g  a n  a g u e o u s  b l u e
t r a c e r  s o l u t i o n  i n  c o n j u n c t i o n  w i t h  t r a n s p a r e n t  c y l i n d r i c a l  
t a n k s .  T h e  v e s s e l s  h a d  d i a m e t e r s  r a n g i n g  f r o m  76 mm t o  6 0 0
mm w i t h  l e n g t h  t o  d i a m e t e r  r a t i o s  f r o m  1 t o  3 ,  a n d  i n l e t
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d i a m e t e r s  o f  6 . 4  mm t o  2 5  mm. T h e  R e y n o l d s  n u m t e r s  b a s e d  on  
i n l e t  c o n d i t i o n s  r a n g e d  b e t w e e n  100 t o  2 8 , 0 0 0 -  The  l a m i n a r  
l e n g t h  o f  a  l a m i n a r - t u r b u l e n t  j e t  was  c o r r e l a t e d  w i t h  t h e  
g e o m e t r i c  p a r a m e t e r s  b y
- 2 . 4 6  0 . 7 4
1. = 9 . 9 7 E 7  Be ( ^ ) ( “ )  ; 2 . 26)
M a r s t e r s  ( 1 9 6 9 )  e x p e r i m e n t a l l y  d e t e r m i n e d  t h e  l a m i n a r  l e n g t h  
o f  a c a r b o n  d i o x i d e  j e t  i s s u i n g  i n t o  a i r -  U s i n g  s e v e r a l  
d i f f e r e n t  c o m b i n a t i o n s  o f  s u p p l y  t u b e  l e n g t h s ,  d i a m e t e r s  a n d  
m a t e r i a l  a n  e m p i r i c a l  c o r r e l a t i o n  w a s  d e t e r m i n e d  a s
— 2 . 3
1= 1 E 9 * B e  ( 2 - 2 7 )
d
K u ma r  ( 1 9 8 3 )  i n v e s t i g a t e d  t h e  l a m i n a r  l e n g t h  o f  a 
n o n - N e w t o n i a n  f l u i d ,  by  u t i l i z i n g  t h e  b i r e f r i r g e n t  ( d o u b l y  
r e f r a c t i v e )  p r o p e r t y  c f  t h e  w o r k i n g  f l u i d ,  m i l l i n g  y e l l o w .  
I t  w a s  p o s s i b l e  t o  c o m e  u p  w i t h  a n  e m p i r i c a l  c o r r e l a t i o n  i n  
t h e  r a n g e  o f  E e y n o l d s  n u m t e r s  b e t w e e n  6 0 0  a n d  1 100 g i v e n  b y
- 2 .  23
1 = 9 . 5 E7 *  R e „  ( 2 . 2 8 )
a w
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C h a p t e r  I I I
WON-NEWTONIAN J ET BITH A FOLL Y DEVELOPED EXIT
PROFI L E
3 .  1 I n  t r o d  a c t  i o n
F i g u r e  3 . 1 -  s h o w s  a  l a m i n a r ,  s u b m e r g e d  j e t ,  a n d  t h e  
c o o r d i n a t e  s y s t e m  u s e d .  T h e  m o me n t u m a n d  c o n t i n u i t y  
e q u a t i o n s  a r e  s o l v e d  f o r  a n  a x i - s y mme  t r i e , l a m i c a r  s u b m e r g e d  
j e t  o f  a  n o n - N e w t o n i a n  f l u i d -  Two d i f f e r e n t  v i s c o s i t y  
m o d e l s  w e r e  u s e d  i n  o r d e r  t o  s t u d y  t h e  e f f e c t  c f  t h e  m o d e l s  
u p o n  t h e  g e n e r a t e d  s o l u t i o n -  T h e  p r o g r a m  c a n  h a n d l e  f l o w  i n  
t h e  d e v e l o p i n g  a n d  t h e  f u l l y  d e v e l o p e d  r e g i o n s .  Th e  r e s u l t s  
a r e  t h e n  c o m p a r e d  w i t h  t h e  e x i s t i n g  t h e o r e t i c a l  a n d  
e x p e r i m e n t a l  r e s u l t s .  T h e  d e v e l o p i n g  l e n g t h  h a s  b e e n  
t h e o r e t i c a l l y  d e t e r m i n e d  a n d  c o m p a r e d  w i t h  t h e  p r e v i o u s  
e x i s t i n g  r e s u l t s  f o r  N e w t o n i a n  j e t s .  T h e  i n f o r m a t i o n ,  i n  
t h i s  s e c t i o n ,  r e g a r d i n g  t h e  n c n - N e w t c n i a n  j e t  d e v e l o p i n g  
l e n g t h  i s  t h e  o n l y  a v a i l a b l e  i n f o r m a t i o n  o n  t h i s  s u b j e c t  
f o u n d  i n  t h e  l i t e r a t u r e .
-  20  -
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3 . 2  T h e o r e t i c a l  A n a l y s i s
S o l u t i o n  o f  t h e  e q u a t i o n s  c f  m o t i o n  f o r  t h e  j e t  c f  a 
n o n - N e w t o n i a n  f l u i d  p o s e  t wo  f a i r l y  f o r m i d a b l e  p r o b l e m s -  T h e  
f i r s t  p r o b l e m  i s  t h e  h i g h  d e g r e e  o f  n o n - l i  r . e a r i t y  w h i c h  
m a k e s  a  c l o s e d  f o r m  s o l u t i o n  q u i t e  a  h o r r e n d o u s  c r  a n  a l m o s t  
i m p o s s i b l e  t a s k .  T h e  s e c o n d  p r o b l e m  i s  t h a t  a s o l u t i o n  t o  
t h e  f u l l y  d e v e l o p e d  p i p e  f l e w  p r o b l e m  m u s t  f i r s t  b e  f o u n d ,  
i f  f u l l y  d e v e l p e d  f l o w  a t  t h e  p i p e  e x i t  i s  a s s u m e d -  T h i s  
v e l o c i t y  p r o f i l e  w i l l  b e  a  b o u n d a r y  c o n d i t i o n  f o r  t h e  j e t  
s t u d  y-
3 , 2 .  1 S o l u t i o n  o f  P u l l y  D e v e l o p e d  P i p e  F l o w  o f  a
P o w e r - L a w  F l u i d
The  c l o s e d  f o r m  s o l u t i o n  o f  f u l l y  d e v e l o p e d  p i p e  f l o w  c f  a  
P o w e r - L a w  f l u i d  i n  a  c i r c u l a r  t u b e  i s  g i v e n  b y  P a t e l  ( 1 9 8 3 ) ,
A s s u m i n g  t h a t  t h e  f l o w  i s  s t e a d y  a n d  f u l l y  d e v e l o p e d ,  t h e n
t h e  c o n t i n u i t y  e q u a t i o n  r e d u c e s  t o :
§ £ « 0  1 3 - 1 )
T h e r e f o r e  u i s  a f u n c t i o n  o f  r  c n l y .
W i t h  a  P o w e r - L a w  f l u i d  t h e  s t r e s s  t e n s o r  i s  g i v e n  by
E i r d ,  S t e w a r t  a n d  L i g b t f c o t  ( 1 9 6 0 )  a s
t =  {k  iV lcS T S jr'"1}^  (3.  2)
W i t h  t h e  a p p r o p r i a t e  b o u n d a r y  l a y e r  a s s u m p t i o n s  t h e  r e l a t i o n  
f o r  t h e  s h e a r  s t r e s s  b e c o m e s
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 ^ n- X ^
c = Kll^-I (3 .  3)rx  13 r 1 3 r
The  a p p a r e n t  v i s c o s i t y  i n  t h i s  m o d e l  i s  g i v e n  i n  t e r m s  o f  
e m p i r i c a l l y  d e t e r m i n e d  c o n s t a n t s  K a n d  n ,  t h e  c o n s i s t e n c y  
i n d e x  a n d  t h e  E o w e r - I a w  e x p o n e n t  r e s p e c t i v e l y .  F c r  n>1  
t h e s e  f l u i d s  a r e  k n o w n  a s  d i l a t a n t  f l u i d s ,  w h i c h  s h e w  a n  
t o  i n c r e a s e  i n  v i s c o s i t y  w i t h  i n c r e a s i n g  s h e a r  r a t e -  S u c h  
f l u i d s  a r e  r a t h e r  u n c o m m o n ,  a l t h o u g h  s o l u t i o n s  o f  c o r n  
f l o u r ,  s u g a r  a n d  s a n d  a r e  e x a m p l e s  o f  f l u i d s  w h i c h  s h e w  
d i l a t a n t  b e h a v i o r .  F c r  v a l u e s  o f  n<1 t h e s e  f l u i d s  s h o w  a 
d e c r e a s e  i n  v i s c o s i t y  w i t h  a n  i n c r e a s e  i n  t h e  s h e a r  r a t e ,  
f s e u d o p l a s t i c  f l u i d s  a r e  b y  f a r  t h e  m o s t  c o mmo n  t y p e  o f  
n o n - N e w t o n i a n  f l u i d  a n d  h a v e  b e e n  t h e  m o s t  w i d e l y  t e s t e d .  
U s i n g  e q u a t i o n  ( 3 . 3 )  a l o n g  w i t h  t n e  mome n t u m e q u a t i o n  i n  t h e  
x d i r e c t i o n  y i e l d s  t h e  f o l l o w i n g  d i f f e r e n t i a l  e g u a t i c n -
7  k  *  i1" 1 £> ■ £  <3-">
Th e  b o u n d a r y  c o n d i t i o n s  a r e
1 .  u=0 f o r  r = a  ( 3 - 5 )
2 .  f o r  r = 0  {3 .  6)d r
Th e  s o l u t i o n  c f  e q u a t i o n  ( 3 . h )  i s  
_1 n+l n+l
U , | d £ l  f  "  n  .  ( r  "  : 3 . 7 )
<dx2K » n+l Li V  J
o r
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 3
n+l
u = u  ( ^ ± 1 )  [ l  -  (f>  "  ] ( 3 - 8 )
F i g u r e  3 . 2 .  s h o w s  t h e  f u l l y  d e v e l o p e d  f l o w  o f  a
P o w e r - L a w  f l u i d  i n  a  t u b e -  T h e  p r o f i l e  b e c o m e s  f l a t t e r  a s
t h e  v a l u e  o f  t h e  P o w e r - L a w  i n d e x ,  n ,  i s  d e c r e a s e d .
3 . 3  F u l l y  De v e l o p e d  Pi p e  F l o w c f  a P o w e r - S e r i e s  F l u i d  
A c l o s e d  f o r m  s o l u t i o n  f o r  f u l l y  d e v e l o p e d  p i p e  f l o w  e x i s t s
o n l y  f o r  a  s i m p l e  P o w e r - L a w  m o d e l  i n  t h e  l i t e r a t u r e .  Due  t o
t h e  c o m p l e x i t y  o f  t h e  P o w e r - S e r i e s  m o d e l  a n u m e r i c a l
s o l u t i o n  w a s  s o u g h t .
T h e  s h e a r  S t r e s s  f c r  a  P o w e r - S e r i e s  f l u i d  i s  g i v e n  by  
K a r r i s  a s
Crx ^app dr *3. 9)
w i t h
% P  = C1 +  C2 l f l  + C3 ( £ ) 2+ C,  l £ | 3 + . . . .  ( 3 .  10)
The  d i m e n s i o n a l  mo me n t u m e q u a t i o n  i n  t h e  x d i r e c t i o n
t h e r e f o r e  y i e l d s
7  S  < * t c 1 +  c 2 | £ |  + c 3 (£ , 2 + . . . . ] & } - £  ( 3 . i i ,
The  b o u n d a r y  c o n d i t i o n s  a r e
1.  u=0  f o r  r = a  { 3 . 1 2 )
2 .  4 ^ = 0  f o r  r = 0  ( 3 .  1 3) dr
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A f o u r t h  o r d e r  B u n g a  K u t t a  a l g o r i t h m  l i s t e d  i n  A p p e n d i x
G, w a s  u t i l i z e d  t o  s o l v e  e g u a t i o n  ( 3 - 1 1 )  f c r  t h e
e x p e r i m e n t a l  R e y n o l d s  n u m b e r s  a n d  f o r  t h €  d i f f e r e n t  
c o n c e n t r a t i o n s .  F o r  l o w  c o n c e n t r a t i o n s  o f  p s e u d c p l a s t i c  
f l u i d s  i t  w a s  n e c e s s a r y  t o  u s e  c n l y  f o u r  t e r m s  o f  e g u a t i o n
( 3 - 1 0 )  w h i l e  a t  h i g h e r  c o n c e n t r a t i o n s  u p  t o  6 t e r m s  w e r e
n e c e s s a r y .
F i g u r e  3 - 3  s h o w s  t h e  n o r m a l i z e d  f u l l y  d e v e l o p e d  
v e l o c i t y  p r o f i l e s  o f  a P c w e r - S e r i e s  f l u i d  i n  a t u b e -  T h e  
v i s c o s i t y  m o d e l  c o r s t a n t s  w e r e  o b t a i n e d  f r o m  t h e  
e x p e r i m e n t a l  v i s c o s i t y  d a t a  .  Th e  v e l o c i t y  p r o f i l e s  d i f f e r  
f o r  C,  2 5 0 ,  5 0 0  a n d  1 0 0 0  ppm s o l u t i o n s  o f  S e p a r a n  i n  w a t e r .
The  v i s c o s i t y  m o d e l  c o n s t a n t s  a r e  d i s c u s s e d  i n  C h a p t e r  5 a n d  
a r e  l i s t e d  i n  T a b l e  5 . 5 .  At  h i g h e r  c o n c e n t r a t i o n s  - h i g h e r  
d e g r e e  o f  p s e u d o p l a s t i c i t y )  i t  i s  n o t i c e d  t h a t  t h e  p r o f i l e s  
b e c o m e  f l a t t e r ,  a l t h o u g h  n o t  q u i t e  a s  f l a t  a s  t h e  P o w e r - L a w  
K o d e l .
3 . 3 .  1 T h e o r e t i c a l  A n a l y s i s  o f  n o n - N e w t o n i a n  J e t
I n  a d d i t i o n  t o  t h e  b o u n d a r y  l a y e r  a s s u m p t i o n s ,  t h e  
f o l l o w i n g  c o n d i t i o n s  a r e  s t i p u l a t e d -
1- S t e a d y  F l o w
2.  I n c o m p r e s s i b l e  F l o w
3 .  No g r a v i t a t i o n a l  f o r c e s
4 .  I s o t h e r m a l
5-  I n e l a s t i c
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T h e  e q u a t i o n s  o f  m o t i o n  t h e r e f o r e  a r e :
i  h - Cr v )  +  h  ( u )  = 0
2 5
( 3 - 1 4 )
. 3u 3u. 1 3  / \
P<v 3 7  +  U “  '  7  3 ?  ( r  ‘ t x 5 
w h e r e  t h e  s h e a r  s t r e s s  i s  g i v e n  by
3u
t  = -  T1 rx  app 3r
f o r  a P o w e r - L a w  f l u i d
n = k |app 1
3u
3r
n-1
a n d  f o r  a P o w e r - S e r i e s  f l u i d
naPP = c i  + C2 l | “ l + c 3 | ^ | 2 . C 4 | | ^ ! 3
( 3 .  15)
( 3 - 1 6 )
( 3 , 1 7 )
( 3 . 1 9 )
T h e  b o u n d a r y  c o n d i t i o n s  f o r  t h e  j e t  p r o b l e m  a r e  a s  
f o l l o w s :
1. T h e  v e l o c i t y  p r o f i l e  i s  t h a t  o f  a f u l l y  d e v e l o p e d  
f l o w  a t  t h e  t u b e  e x i t .
u = F {r ) f c r  r < a  a n d  x =0  ( 3 . 1 9 )
u= 0 f o r  r > = a  a n d  x = G ( 3 . 2 0 )
v = 0  f o r  r > a  a n d  x = 0  ( 3 . 2 1 )
w h e r e  F ( r )  i s  d e p e n d e n t  on  t h e  v i s c o s i t y  m o d e l .  A 
c l o s e d  f o r m  s o l u t i o n  f o r  F ( r )  i s  f o u n d  i n  t h e  
l i t e r a t u r e ,  t h e  F o w e r - I a w  v i s c o s i t y  m o d e l .  F ( r )  h a s  
b e e n  f o u n d  n u m e r i c a l l y  f o r  t h e  P o w e r - S e r i e s  v i s c o s i t y  
m o d e l  b y  t h e  p r o c e d u r e  o u t l i n e d  i n  s e c t i c r .  3 . 3 .
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2- T h e  s y m m e t r y  c o n d i t i o n  y i e l d s
=0 f o r  r = 0  ( 3 . 2 2 )3 r
a n  d
v= 0 f o r  r-=0 ( 3 - 2 3 )
3-  T h e  f a r  s t r e a m  c o n d i t i o n  y i e l d s
u = 0  f o r  r =  o o  ( 3 - 2 h )
Th e  e q u a t i o n s  a r e  m a d e  d i m e n s i o n l e s s  u s i n g  t h e  f o l l o w i n g :
u / u  ( 3 . 2  5)
mo
V= v / n  ( 3 . 2 6 )
mo
X = x / a  ( 3 . 2 7 )
R = r / a  . ( 3 . 2 8 )
T 7=77app/77ref ( 3 . 2  9)
f o r  a P o v e r - L a w  f l u i d :
nr e f  nw '  ( 3 . 3 0 )
a n d  f o r  a  P o w e r - S e r i e s  f l u i d
nr e f  = K ^ mo / a ) "  1 J 3 . 3 1 )
The  v i s c o s i t y  a t  t h e  w a l l  i s  f o u n d  b y  i n s e r t i n g  t h e  s h e a r  
r a t e  a t  t h e  w a l l  i n t o  t h e  v i s c o s i t y  m o d e l .  T h e r e f o r e  
P u a
Re'  = ------ E2  .  ( 3 - 3 2 )gen nr e f
T h e  n o n d i m e n s i o n a l  g o v e r n i n g  d i f f e r e n t i a l  e g u a t i c n s  a r e
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R 5 r  ( r v > +  f x  (u)  -  0
3U „  3U.  1  3 u  3 2 U , an  3U
Re g e n  3R +  -  3 X 5 R -  3R -  3 r 2 3R 3R
Th e  d i m e n s i o n  l e s s  b o u n d a r y  c o n d i t i o n s  a r e  a s  f o l l o w s :
1 .  T h e  v e l o c i t y  p r o f i l e  a t  t h e  t u t e  e x i t  f o r  
1- (a)  a P o w e r - L a w  f l u i d
( ^ )
0= [1 -  R n ] f o r  B< 1 a n d  X=C
0 = 0  f o r  B > 1 . 0  a n d  X= 0
V=C f o r  R>0 a n d  X=0
( t )  a  P o w e r - S e r i e s  f l u i d
0 = 0 i ,  Ui  i s  f o u n d  n u m e r i c a l l y
0 = 0 f o r  B > 1 . 0  a n d  X= 0
V=C f c r  B>0 a n d  X=0
2.  S y m m e t r y  C o n d i t i o n
= 0  f o r  B=0
V=0 f o r  E=0  I
3 .  F a r  s t r e a m  c o n d i t i o n
U=0 f o r  B= c o  !
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[3.33) 
[3. 34)
( 3 . 3  5)
( 3 . 3 6 )  
( 3 .  37)
( 3 . 3 8 )  
S 3 . 3 9 )  
( 3 - 4  0)
1 3 . 4 1 )
3 . 4 2 )
3 . 4 3 )
2 8
3- 3 - 2 F i n i t e  D i f f e r e n c e  S o l u t i o n
T h e  s o l u t i o n  s c h e m e  u s e d  t o  s o l v e  t h e  e q u a t i o n s  o f  m o t i o n  
i s  a m o d i f i c a t i o n  o f  t h e  p r o c e d u r e  p r e s e n t e d  b y  A b b o t t  
( 1 9 6 4 ) ,  a n d  T o i n i c h  ( 1 9 6 7 )  t o  s t u d y  t u r b u l e n t  j e t s .  T h e  
f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n s  a r e  g i v e n  a s :
—  ( R  X  + A X )  - u (R -  A R ,  X + A X )  - 211 ( R ,  X  + A X )  + U ( R  + A R ,  X  + A X )  ( 3 . 4  4)
3r2 ’ = AR2
i z  ( R  X  -I- A X )  ~ 3V(R’ x  +  A X )  -  4 V ( k  -  A K ,  X + A X )  + V ( R  -  2  A R .  X  + A X )  ( 3 . 4 5 )
3 R  ’ 1  AR
( R ,  X + A X )  * U ( R  + A R ,  X + A X )  -  U ( R  -  A R ,  X  +  A X )  ( 3 . 4  6)
d R  2  AR
( r  v  +  a x ' )  =  n ( R  +  A R ,  X +  A X )  -  n ( R  -  A R ,  X +  A X )  ( 3 . 4  7)
3 R • . '  2  AR
f y  (r, x + A X )  -  HiR-»,JL+ AX ) .  - . , U ( R ; X 1  ( 3 . 4 3 )
AX
T h e  u n d e r l i n e d  t e r m s  i n  e q u a t i o n  ( 3 . 3 4 )  w e r e  t r e a t e d  a s  
" l o c a l  c o n s t a n t s " .  T h e s e  " c o n s t a n t s "  w e r e  u p d a t e d  a f t e r  
e v e r y  i t e r a t i o n .  T h i s  i s  r e f e r r e d  t o  a s  l a g g i n g  t h e  
c o e f f i c i e n t s .  T h e  l i n e a r i z e d  mome n t u m e q u a t i o n  w a s  s o l v e d  
i m p l i c i t l y  f o r  U a t  l e v e l  X+a X,  f o r  d i f f e r e n t  v a l u e s  o f  R. A 
T h o m a s  t r i d i a g o n a l  s o l v e r  w r i t t e n  b y  Lomax  ( 1 9 8 2 )  w a s  
e m p l o y e d  t o  s o l v e  t h e  s y s t e m  o f  e q u a t i o n s  a t  e a c h  X l e v e l .  
The  c o n t i n u i t y  e g u a t i o n  wa s  u s e d  t o  s o l v e  f o r  V e x p l i c i t l y  
a t  t h e  s a m e  l e v e l  o f  X. T h i s  wa s  a c c o m p l i s h e d  b y  m a r c h i n g  
f r o m  R=0 t o  H=co» w h e r e  t h e  c o n d i t i o n  R=co w a s  a s s u m e d  t o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
e x i s t  a t  t w e n t y  t i m e s  t h e  tu .b e  r a d i u s .  The  v a l u e  o f  X w a s  
i n c r e a s e d  b y  AX a n d  t h e  p r o c e d u r e  w a s  r e p e a t e d  u n t i l  
X = 0 . 2 0 * R e .  T h i s  c o r r e s p o n d s  t o  a  n o n d i m e n s i o n a l  l e n g t h  much 
l a r g e r  t h a n  t h e  d e v e l o p i n g  l e n g t h  o f  a  N e w t o n i a n /  l a m i n a r  
j e t  a s  g i v e n  b y  E a n k i n  ( 1 9 9 1 )  .  T h e  m e s h  wa s  c c m p r e s s e d
c l o s e  t o  t h e  e x i t  d u e  t o  t h e  h i g h  r a t e  o f  s h e a r  i n  t h i s
r e g i c n .
C o n v e r g e n c e  w a s  s a i d  t o  c c c u r  w h e n  t h e  s t o p p i n g
c r i t e r i o n  g i v e n  t y  R o a c h e  ( 1 9 8 2 )  w a s  s a t i s f i e d /  n a m e l y ,  t h a t  
t h e  maxi mum d i f f e r e n c e  i n  a x i a l  v e l o c i t i e s  a t  t h e  c e n t r e
l i n e ,  f o r  c o n s e c u t i v e  i t e r a t i o n s  i s  l e s s  t h a n  1 E- 4  .  T h i s
c a n  b e  e x p r e s s e d  m a t h e m a t i c a l l y  asz
n + 1 n
max I U ( 1 , j )  -  0 ( 1 , j )  | < 1 E - 4  ( 3 . 4 9 )
3
T y p i c a l l y  a b o u t  s i x t y  t o  s e v e n t y  i t e r a t i o n s  w e r e  r e q u i r e d  t o  
s a t i s f y  t h e  s t o p p i n g  c r i t e r i o n .  T h e  c o m p u t e r  p r o g r a m  i s  
l i s t e d  i n  A p p e n d i x  H.
3 . 4  C o m p a r i s o n  w i t h  E x t e r n a l  E x p e r i m e n t a l  a n d  T h e o r e t i c a l  
R e s u l t s
I n  t h i s  s e c t i o n  a n  a t t e m p t  i s  m a d e  a t  c c m p a r i n g  t h e
t h e o r e t i c a l  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  w i t h  t h o s e  
o b t a i n e d  b y  e t h e r  r e s e a r c h e r s .  Du e  t o  t h e  f a c t  t h a t
n o n - N e w t o n i a n  f l u i d  m e c h a n i c s  i s  i n  i t s  i n f a n c y  v e r y  l i t t l e  
i n f o r m a t i o n  i s  a v a i l a b l e  t o  c o m p a r e  w i t h .
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J jJ U J  £3  a£a-Eigon_M l t  h_F x te  n n a 1 Exp e r  i n  en t s
T h e  o n l y  e x p e r i m e n t a l  d a t a  c o n c e r n e d  w i t h  a x i s y r a m e t r i e  
l a m i n a r  j e t s  a r e  t h o s e  o f  V a s s e u r  ( 1 9 8 1 )  a n d  S e r t h  ( 1 9 7 3 ) .  
E x p e r i m e n t a l  v e l o c i t y  d e c a y  a n d  a x i a l  v e l o c i t y  p r o f i l e s  f o r  
f u l l y  d e v e l o p e d  f l o w  a r e  g i v e n  by  V a s s e u r .  Th e  d a t a  
a v a i l a b l e  f r o m  S e r t h  c o n s i s t  o n l y  o f  a  s i n g l e  p l o t  o f  a x i a l  
v e l o c i t y  d e c a y  a l o n g  t h e  c e n t r e - l i n e  o f  t h e  j e t .
F i g u r e  3 . 4  s h o w s  t h e  a x i a l  v e l o c i t y  p r o f i l e s  o f  a
n o n - N e w t o n i a n  j e t  i n  t h e  f u l l y  d e v e l o p e d  r e c i o n  -. T h e
e x p e r i m e n t a l  r e s u l t s  a r e  t h o s e  o f  V a s s e u r .  Th e  w o r x i n g  
f l u i d s  w e r e  a g u e o u s  s o l u t i o n s ,  i n  v a r i o u s  c o n c e n t r a t i o n s  o f  
t h e  p o l y m e r  P o l y o x .  I t  s e e m s  t h a t  t h e  i n v e s t i g a t o r s  
m e a s u r e d  a l l  o f  t h e  s o l u t i o n s  w i t h  a B r o o k f i e l d  v i s c o m e t e r ,  
a l t h o u g h  t h e  m a n u f a c t u r e r  c l a i m s  t h e  v i s c o s i t y  c a n n o t  be  
m e a s u r e d  a c c u r a t e l y  f o r  s o l u t i o n s  o f  s u c h  l o w  v i s c o s i t y .  
V a s s e u r  t o o k  a  s i n g l e  r e a d i n g  f o r  v i s c o s i t y  f o r  e a c h  
s o l u t i o n  a n d  b a s e d  t h e  f i e y n o l d s  n u m b e r  o n  t h i s  r e a d i n g ,  e v e n  
t h o u g h  t h e  f l u i d s  h e  u s e d  a r e  k n o wn  t o  b e  s h e a r  t h i n n i n g  
s o l u t i o n s .  V a s s e u r  c l a i m e d  t h e  m o r e  c o n c e n t r a t e d  s o l u t i o n s  
o f  F c l y o x  w e r e  f l a t t e r  t h a n  t h e  N e w t o n i a n  j e t ,  a l t h o u g h
t h i s  w a s n ' t  a t  a l l  e v i d e n t  f r o m  F i g u r e  3 . 4 .  S i r c e  t h e r e  wa s
no d a t a  g i v e n  o n  t h e  v i s c o s i t y  o f  t h e  s o l u t i o n s  a v i s c o s i t y  
m o d e l  c o u l d  n o t  b e  f i t  t o  t h e  d a t a .  T h e r e f o r e  o n l y  a  
N e w t o n i a n  p r o f i l e  g e n e r a t e d  n u m e r i c a l l y  i n  t h e  f u l l y  
d e v e l o p e d  r e g i o n  i s  s h o w n .  T h e  N e w t o n i a n  p r o f i l e  a g r e e s
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e x t r e m e l y  v e i l  w i t h  S c h l i c h t i n g * s  {1969} r e s u l t s  i n  t h e  
f u l l y  d e v e l o p e d  r e g i o n .
F i g u r e  3 . 5  s h o w s  t h e  e f f e c t  cn  t h e  v e l o c i t y  p r o f i l e s  a s  
t h e  l e v e l  o f  v i s c o e l a s t i c i t y  o f  t h e  s o l u t i o n  i n c r e a s e s .  
V a s s e u r  c l a i m e d  t h a t  a d d i n g  P o l y h a l l  e v e n  i n  c o n c e n t r a t i o n s  
o f  a f e w p a r t s  p e r  m i l l i o n  c a u s e d  t h e  j e t s  t o  b e  
s i g n i f i c a n t l y  f l a t t e r  t h a n  a w a t e r  j e t .  Th e  d a t a  i s  q u i t e  
s c a t t e r e d  a n d  i t  i s  o r . l y  s l i g h t l y  o b v i o u s  t h a t  t h e  h i g h e r  
c o n c e n t r a t i o n  o f  t h e  a d d i t i v e  i s  a c t u a l l y  a n y  f l a t t e r  t h a n  
t h e  l e s s  c o n c e n t r a t e d  s o l u t i o n s -  A g a i n  s i n c e  n c  v i s c c m e t r i c  
d a t a  w a s  g i v e n  o n l y  a  v e l o c i t y  p r o f i l e  o f  a f u l l y  d e v e l o p e d ,  
l a m i n a r  N e w t o n i a n  j e t  n u m e r i c a l l y  g e n e r a t e d  d u r i n g  t h e  
p r e s e n t  s t u d y  i s  g i v e n  f o r  c c r a p a r i s o n -
T h e  c e n t r e  l i n e  v e l o c i t y  d e c a y  o f  s o l u t i o n s  o f  P o l y o x  i s  
s h o w n  i n  F i g u r e  3 - 6 -  T h e  s o l u t i o n s  a r e  a l l  a q u e o u s  
s o l u t i o n s  o f  P o l y o x  b u t  e a c h  s o l u t i o n  h a s  a d i f f e r e n t  
m o l e c u l a r . w e i g h t .  T h i s  f i g u r e  a l s o  c o n t a i n s  R a r k i n ' s  ( 1 9 3 1 )  
d a t a  f o r  a N e w t o n i a n  j e t  a s  w e l l  a s  V a s s e u r ' s  N e w t o n i a n  
d a t a -  T h e  s o l u t i o n  o f  F o l y o x  ( W S R - 3 0 1 ) ,  w h i c h  h a d  t h e  
h i g h e s t  m o l e c u l a r  w e i g h t ,  d e c a y e d  t h e  f a s t e s t .  X i t h  t h e  
e x c e p t i o n  o f  t h e  P o l y o x  ( KS R- 3 0  1 ) ,  a l l  o f  t h e  e x p e r i m e n t a l  
d a t a  a r e  s e e n  t o  b e  g r o u p e d  t o g e t h e r  a n d  t h e y  a g r e e  v e r y  
w e l l  w i t h  t h e  n u m e r i c a l  r e s u l t s  f r o m  t h e  p r e s e n t  s t u d y  f o r  
a N e w t o n i a n  j e t  .
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S e r t h  ( 1 9 7 3 )  p r e s e n t e d  a  s i n g l e  p l o t  o f  a x i a l  d e c a y  o f  a 
S e p a r a n  AP30 s o l u t i o n  ( 1 2 0 0  p p m ) .  S e r t h  m o d e l e d  t h e  f l u i d  
w i t h  a p o w e r - L a w  a n d  q u o t e d  v a l u e s  o f  n = 0 - 5 7  a n d  K = 1 . 2 5  
d y n e  s e c  c m- 2  f o r  t h e  f l u i d  .  F i g u r e  3 - 7  s h o w s  t h e  
e x p e r i m e n t a l  r e s u l t s  o f  S e r t h  a l o n g  w i t h  t h e  a u t h o r ' s ,  
t h e o r e t i c a l  p r e d i c t i o n  u s i n g  t h e  s a m e  K a n d  n v a l u e .  T h e  
e x p e r i m e n t a l  r e s u l t s  s h o w  a r a t h e r  s t e e p  d e c l i n e  i n  t h e  
d e v e l o p i n g  r e g i o n  o f  t b e  j e t -  S e r t h  e x p l a i n s  t h i s  a s  b e i n g  
d u e  t o  t h e  v i s c o e l a s t i c  e f f e c t s  o f  t h e  f l u i d .  E x p e r i m e n t a l  
r e s u l t s  t a k e n  w i t h  h c t - f i l m  a n e m o m e t e r s  a r e  k n o wn  t o  b e  
q u i t e  t r o u b l e s o m e  whe n  u s e d  i n  c o n j u n c t i o n  w i t h  
n o n - N e w t o n i a n  f l u i d s .  S e r t h  ( 1 S 6 9 )  n o t e d  t h a t  t h e  h o t - f i l m  
s u f f e r s  s e r i o u s  d r a w b a c k s  e s p e c i a l l y  w i t h  v i s c o e l a s t i c  
f l u i  d s .
S e r t h ' s  ( 1 S 7 3 )  d a t a  a n d  t h e  n u m e r i c a l  p r e d i c t i o n  o f  t h e  
p r e s e n t  s t u d y  a r e  n o t  i n  g o o d  a g r e e m e n t  a l t h o u g h  t h e y  
a p p r o a c h  o n e  a n o t h e r  f a r  f r o m  t h e  n o z z l e  e x i t .  I n  t h i s  
r e g i o n  t h e  v i s c o e l a s t i c  e f f e c t s  a r e  l i k e l y  t o  be  l e s s  
d o m i n a n t .
3 - h - 2 C o m p a r i s o n w i t h  Ex t e r n a l  T h e o r e t i c a l  Re s u l t s
S e r t h  ( 1 9 7 2 )  a n d  K i t v a l l y  ( 1 9 7 8 )  d e v e l o p e d  s i m i l a r i t y  
s o l u t i o n s  f o r  t h e  a x i s y m m e t r i c , l a m i n a r ,  P o v e r - L a u  f l u i d  
i s s u i n g  i n t o  a m a s s  o f  t h e  s a m e  f l u i d .  B o t h  a u t h o r s  s o l v e d  
t h e  b o u n d a r y  l a y e r  e q u a t i o n s  i n  a s i m i l a r  f a s h i o n .  Th e  s e t  
o f  e q u a t i o n s  was  r e d u c e d  t o  a  s i n g l e  o r d i n a r y  d i f f e r e n t i a l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 3
e q u a t i o n  by u t i l i z i n g  t h e  c o n c e p t  o f  t h e  s t r e a m  f u n c t i o n .  A 
f o u r t h  o r d e r  B u n g e  K u t t a  p r o c e d u r e  wa s  t h e n  u s e d  t o  
i n t e g r a t e  t h e  o r d i n a r y  d i f f e r e n t i a l  e g u a t i o n .  F i g u r e  3 . 8  
i l l u s t r a t e s  t h e  r e l a t i o n s h i p  b e t w e e n  a  d i l a t a c t  j e t  a nd  a  
N e w t o n i a n  j e t .  I n  t h i s  f i g u r e  t h e  c u r v e  f o r  n = 1 . 5  i s  t a k e n  
f r o m  S e r t h ' s  w o r k ,  n = 1 . 2 5  a n d  n = 1 . 0  a r e  f r o m  t h e  p r e s e n t  
n u m e r i c a l  s t u d y  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n .
F i g u r e  3 . 9  s h o w s  t h e  d i f f e r e n c e  i n  t h e  s h a p e  o f  a 
p s e u d o p l a s t i c  j e t  a n d  a  N e w t o n i a n  j e t .  I n  t h i s  f i g u r e  t h e  
c u r v e  f o r  n = 0 . 5  i s  t a k e n  f r o m  M i t w a l l y ' s  wor k  a n d  t h e  c u r v e s  
o f  n = 1 . 0  a n d  n = 0 . 9  a r e  f r o m  t h e  p r e s e n t  s t u d y .  Good 
a g r e e m e n t  i s  f o u n d  t o  e x i s t  b e t w e e n  S e r t h ' s  a r d  M i t w a l l y ' s  
n u m e r i c a l  w o r k  a n d  t h e  p r e s e n t  s t u d y .
3* 5  N u m e r i c a l  E s t i m a t i o n  o f  J e t  D e v e l o p i n g  L e n g t h
A s u b m e r g e d  j e t  i s  known t o  h a v e  t w o  d i s t i n c t l y  d i f f e r e n t
r e g i o n s ,  n a m e l y ,  t h e  d e v e l o p i n g  a n d  f u l l y  d e v e l o p e d  r e g i o n -
The  d e v e l o p i n g  r e g i o n  i s  c h a r a c t e r i z e d  b y  n o n - s i m i l a r
v e l o c i t y  p r o f i l e s .  A f t e r  a s u f f i c i e n t  d i s t a n c e ,  t h e  v e l o c i t y
p r o f i l e s  b e c o m e  s i m i l a r .  T h i s  d i s t a n c e  i s  r e f e r r e d  t o  a s
t h e  j e t  d e v e l o p i n g  l e n g t h ,  j u - S i n c e  f u l l y  d e v e l o p e d  f l o w  i sa
a p p r o a c h e d  a s y m p t o t i c a l l y ,  a n  a r b i t r a r y  c r i t e r i o n  m u s t  be
c h o s e n  t o  d e t e r m i n e  t h e  j e t  d e v e l o p i n g  l e n g t h .  The  j e t  v a s
s a i d  t o  b e  d e v e l o p e d  w h e n  t h e  s um o f  t h e  s g u a r e s  o f  t h e
r
d i f f e r e n c e s  b e t w e e n  u '  ! r  , x )  a n d  t h e  n c n d i m e n s i c n a l
m/2
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v e l o c i t y  p r o f i l e  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n ,  was  l e s s
r
t h a n  3 E - 3  a t  t w e n t y  e q u a l l y  s p a c e d  p o i n t s  f o r  cm/2  b e t w e e n
0 . 0 . and.  4 . 0 .  T h e  v a l u e  o f  X.  = 0 . 2 0  w a s  s a i d  t o  l e  i n  t h ea
f u l l y  d e v e l o p e d  r e g i o n .  T h i s  a x i a l  d i s t a n c e  i s  known t o  b e  
w e l l  w i t h i n  t h e  f u l l y  d e v e l o p e d  r e g i o n  a c c o r d i n g  t o  R a n k i n  
( 1 9 7 8 ) .  F i g u r e  3 . 1 0  s h o w s  t h e  n u m e r i c a l  e s t i m a t i o n  o f  
t h e  d e v e l o p i n g  l e n g t h  f o r  a j e t  w i t h  a P o w e r - L a v  v i s c o s i t y  
m o d e l .  T h e  t h e o r e t i c a l  c a l c u l a t i o n  o f  t h e  d e v e l o p i n g  l e n g t h  
o f  a  N e w t o n i a n  j e t  a s  g i v e n  by  D m i t r i e v  a n d  K u l e s o v a  ( 1974)  
a n d  A r u l r a j a  ( 1 9 8 2 ) ,  a s  w e l l  a s  t h e  e x p e r i m e n t a l  e s t i m a t i o n  
o f  t h e  d e v e l o p i n g  l e n g t h  o f  R a n k i n  ( 1 9 8 1 )  a n d  d u  P l e s s i s  e t .  
a l .  ( 19 7 3 )  a r e  a l s o  g i v e n  i n  F i g u r e  3 . 1 0 .
3 . 6  C o n c l u s i o n s
L i s t e d  b e l o w  a r e  t h e  c c n c l u s i c n s  f o r  a  j e t  e x i t i n g  f r o m  a
l o n g  t u b e  w i t h  a f u l l y  d e v e l o p e d  v e l o c i t y  p r o f i l e .
1.  A f i n i t e  d i f f e r e n c e  s o l u t i o n  o f  a f u l l y  d e v e l o p e d  p i p e  
f l o w  o f  a  P o w e r - s e r i e s  f l u i d  i n  a  c i r c u l a r  t u b e  i s  
o u t l i n e d ,  no  s u c h  s o l u t i o n  h a s  b e e n  p r e v i o u s l y  f o u n d  
t o  e x i s t .
2.  T h e  s o l u t i o n  p r o c e d u r e  f o r  a  f i n i t e  d i f f e r e n c e
s o l u t i o n  o f  a  a n  a x i s y m r a e t r i c ,  l a m i n a r ,  n o n - N e w t o n i a n  
j e t  w i t h  a  f u l l y  d e v e l o p e d  v e l o c i t y  p r o f i l e  i s  g i v e n
f o r  t w o  d i f f e r e n t  v i s c o s i t y  m o d e l s -
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3 .  T h e  s o l u t i o n  p r e s e n t e d  f o r  a  P o w e r - l a w  v i s c o s i t y  m o d e l
a g r e e s  v e r y  w e l l  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n  w i t h  
t h e  s i m i l a r i t y  s o l u t i o n s  a v a i l a b l e  i n  t h e  l i t e r a t u r e -
4 .  T h e  v e l o c i t y  d e c a y  p r e d i c t i o n  u s i n g  t i e  F o w e r - L a w
m o d e l  w a s  f o u n d  t o  b e  i n  p o o r  a g r e e m e n t  w i t h  t h e  
e x p e r i m e n t a l  d a t a  o f  S e r t h  ( 1 9 7 8 ) -  I h e  l a c k  o f  
a g r e e m e n t  i s  p e r h a p s  d u e  t o  t h e  d i f f i c u l t i e s  
e n c o u n t e r e d  i n  o b t a i n i n g  t h e  v e l o c i t y  r e a d i n g s  w i t h  a 
h o t - f i l m  a n e m o m e t e r .
5-  T h e  N e w t o n i a n  r e s u l t s  o f  t h e  f i n i t e  d i f f e r e n c e
p r o g r a m  s e e m e d  t o  a g r e e  w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  
V a s s e u r  ( 1 9 9 1 )  g u i t e  w e l l -
6-  T h e  d e v e l o p i n g  l e n g t h  o f  a  n o n - N e w t o n i a n  j e t  w a s  f o u n d
f o r  a  F o w e r - L a w  f l u i d  .  I t  wa s  f o u n d  t h a t  a s  t h e  
f l u i d  s h o w e d  s i g n s  c f  i n c r e a s i n g  p s e u d o p l a s t i c i t y  t h e  
d e v e l o p i n g  l e n g t h  b e c a m e  g r e a t e r -  No i n f o r m a t i o n  on  
t h e  d e v e l o p i n g  l e n g t h  o f  a n o n - N e w t o n i a n  f l u i d  h a s  
b e e n  p r e v i o u s l y  f o u n d -
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I n t r o d u c t i o n
T h e  m o m e n t u m  a n d  c o n t i n u i t y  e q u a t i o n s  a r e  s o l v e d  f o r  a n  
a x i s y m r a e t r i c ,  l a m i n a r ,  s u b m e r g e d  j e t  w i t h  a  u n i f o r m  v e l o c i t y  
p r o f i l e  a t  t h e  n o z z l e  e x i t .  T h i s  f l o w  f i e l d  h a s  b e e n  
s t u d i e d  e x p e r i m e n t a l l y  b y  G r e e n e  ( 1 9 7 3 )  f o r  N e v t c n i a n  j e t s ,  
i n  c o n n e c t i o n  w i t h  t e n p e r a t u r e  m e a s u r e m e n t  i n  t h e  e a r t h ’ s  
u p p e r  a t m o s p h e r e .  T h e r e  h a s  n o t  b e e n  a n y  e x p e r i m e n t a l  w o r k  
d o n e  w i t h  n o n - N e w t o n i a n  j e t s  w i t h  a  u n i f o r m  e x i t  c o n d i t i o n  
t o  d a t e -
T h e o r e t i c a l  A n a l y s i s  
T h e  f l o w  m o d e l  f o r  t h e  p r o b l e m  a l o n g  w i t h  t h e  c o o r d i n a t e  
s y s t e m  i s  g i v e n  i n  F i g u r e  4 . 1 .  T h e  f o l l o w i n g  t h e o r e t i c a l  
a n a l y s i s  f o r  a n o n - N e w t o n i a n  j e t  w i t h  a  u n i f o r m  e x i t  p r o f i l e
i s  i d e n t i c a l  t o  t h e  a n a l y s i s  a s  d o n e  i n  s e c t i o n  3 - 3 . 1
e n t i t l e d  " T h e o r e t i c a l  A n a l y s i s  o f  a  n o n - N e w t o n i a n  J e t "  .  I n  
f a c t  t h e  o n l y  d i f f e r e n c e  i s  i n  t h e  b o u n d a r y  c o n d i t i o n  a t  
t h e  t u b e  e x i t  w h i c h  b e c o m e s  :
1.  T h e  i n i t i a l  v e l o c i t y  p r o f i l e  f o r  a  u n i f o r m  e x i t  i s
u = u ino ^ c r  r < a  a n d  x = 0 ( 4 -  1)
u = 0  f o r  r > a  a n d  x = 0  ( 4 . 2 )
-  36  -
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v = 0  f c r  r > 0  a n d  x = 0 ( 4 . 3 )
o r  n c n d i r a e n s i o n a l i z i n g  a s  i n  e q u a t i o n s  ( 3 - 2 5 )  t h r o u g h  ( 3 - 3 2 )  
t h e  f i r s t  b o u n d a r y  c o n d i t i o n  y i e l d s :
1- T h e  i n i t i a l  v e l o c i t y  P r o f i l e
U= 1 f c r  E < 1 a n d  X=C ( 4 - 4 )
U=0 f o r  E> 1 a n d  X=0 ( 4 . 5 )
V=0 f o r  E>0 a n d  X = 0 ( 4 . 6 )
4 . 2 . 1 F i n i t e  D i f f e r e n c e  S o l u t i o n
T h e  s o l u t i o n  s c h e m e  u s e d  t o  s o l v e  t h e  e g u a t i c n s  o f  m o t i o n  
i s  o u t l i n e d  i n  S e c t i o n  3 - 3 . 2  e n t i t l e d  " F i n i t e  D i f f e r e n c e  
S o l u t i o n "  .
4 - 3  C o m p a r i s o n  w i t h
P e r h a p s  t h e  t e s t
a x i s y m r a e t r i c  l a m i n a r
u n i f o r m  e x i t  v e l o c i t y
( 1 9 7 3 )  f o r  a j e t  o f
E e y n c l d s  n u m b e r  n o z z l e
4 . 2  a n d  F i g u r e  4 .  3
v e l o c i t y  D j ^  a s  a  f u
d i s t a n c e s  o f  X , = 0 . 0 0 1
P i
t o  v e l o c i t y  p r o f i l e s  i  
d e v e l o p e d  r e g i o n  r e s p  
p o t e n t i a l  c o r e  e x i s t  
v a n i s h e d  a n d  s i m i l a r  p
E x t e r n a l  
ex  p e r i m e n  
, N e w t o n  
p r o f i l e  
a i r  
w i  
s h  
n e t  
3 a  
n t h e  
e c t  i v e l y .  
s  b u t  i n  F i g u r e  
r o f i l e s  e x i s t .
o f  a n  
t i a l l y  
G r e e n e  
a l o w  
F i g u r e  
s i o n a l  a x i a l  
3 e s  a t  a x i a l  
c h  c o r r e s p o n d  
a n d  t h e  f u l l y  
f i g u r e  4 . 2  a  
4 . 3  t h e  c o r e  h a s
E x p e r i me n  t s
t a l  v e l o c i t y  p r o f i l e s
i a n  j e t  w i t h  a n  i n i
a r e  t h e s e  o b t a i n e d  by
T h e  j e t  w a s  s e t  up w i t h
t h  b o u n d a r y  l a y e r  s u c t i o n .
cw p l o t s  o f  n e n d i m e n  
r
i o n  o f  r  P r o f i
m/2 *
nd 0 . 1 C a r e  s h o w n  w h i  
d e v e l o p i n g  r e g i o n  
As  s e e n  i n
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4 . 4  T h e o r e t i c a l  R e s u l t s  f o r  P o v e r - L a w F l u i d s
T c  t h e  t e s t  o f  t h e  a u t h o r ' s  K n o w l e d g e  n c  p r e v i o u s  
e x p e r i m e n t a l  o r  t h e o r e t i c a l  wo r K e x i s t s  f c r  t h e  
n o n - K e w t o n i a n , l a m i n a r ,  j e t  w i t h  a n  i n i t i a l l y  u n i f o r m  e x i t  
c o n d i  t i o n -
T h e  v e l o c i t y  d e c a y  a l o n g  t h e  c e n t r e  l i n e  o f  t h e  j e t  i s  
s h o w n  i n  F i g u r e  4 - 4 ,  As t h e  F o w e r - L a w  e x p o n e n t ,  n ,  i s
d e c r e a s e d  a  s t e e p e r  d e c l i n e  i n  a x i a l  v e l o c i t y  i s  n c t i c e d -  
F i g u r e  4 . 5  s h e w  a  p l o t  o f  n e n d i m e n s i o n a l  a x i a l  v e l o c i t y  
i n  t h e  d e v e l o p i n g  r e g i o n -  T h e  p r o f i l e s  a r e  f l a t t e r  f o r  t h e  
p s e u d o p l a s t i c  j e t .
F i g u r e  4 . 6  a n d  F i g u r e  4 . 7  s h o w  p l o t s  o f  n o r - d i m e n s i o n a l  
a x i a l  v e l o c i t y  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n .  T h e s e  
p r o f i l e s  a r e  i d e n t i c a l  t o  t h e  f u l l y  d e v e l o p e d  v e l o c i t y  
p r o f i l e s  w i t h  a  f u l l y  d e v e l o p e d  t u b e  f l o w  v e l o c i t y  p r o f i l e  
a t  t h e  t u b e  e x i t .  T h e  p s e u d o p l a s t i c  f l u i d  j e t  p r o f i l e  i s  
f l a t t e r  t h a n  t h e  j e t  o f  a  d i l a t a n t  f l u i d -  Th e  p r e s e n t  s t u d y  
s n o w s  a n  e x c e l l e n t  a g r e e m e n t  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n  
t o  M i t w a l l y ' s  ( 1 9 7 8 )  i n  F i g u r e  4 - 6  a n d  S e r t h ' s  ( 1 9 7 2 )  wor K 
i n  F i g u r e  4 . 7 .
r m /2
F i g u r e  4 . 6 s h o w s t h e  v a r i a t i o n ° f  d w i t h
n o n - d i m e n s i o n a l a x i a l d i s t a n c e ,  , t h i s g i v e s  a n  i n d i c a t i o n
o f  t h e  s p r e a d o f  t h e j e t .  T h e c  u r  ve f o r  n = 0 - 6 c l e a r l y
s h o w s  a  c o n c a v e u p w a r d t r e n d  s i m i l a r  t c t h e  b e h a v i o r  o f  t h e
t w o - d i m e n s i o n a l n o n - N e w t o n i a n  s l o t j e t p r e s e n t e d  by L e m i e u x
a n d  Dnny  (1 S 6 9) .
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jf-,5 D e v e l o p i n g  l e n g t h
Th e  r e g i o n  o f  f u l l y  d e v e l o p e d  f l o w  w a s  d e t e r m i n e d  by  t h e  
c r i t e r i a  o u t l i n e d  i n  s e c t i o n  3 - 5 .  As t h e  F o w e r - L a w  
e x p o n e n t ,  n ,  i s  d e c r e a s e d  t h e  j e t  d e v e l o p i n g  l e n g t h  i s  
i n c r e a s e d .  B a n k i n  a n d  S r i d h a r  ( 1 S 7 3 )  o b t a i n e d  a r  a p p r o x i m a t e  
s o l u t i o n  f o r  an  a x i s y m m e t r i c  l a m i n a r ,  N e w t o n i a n  j e t  w i t h  a  
u n i f o r m  e x i t  p r o f i l e ,  a n d  w e r e  a b l e  t o  d e t e r m i n e  t h e  j e t  
d e v e l o p i n g  l e n g t h ,  w h i c h  i s  a l s o  g i v e n  i n  F i g u r e  U - 9 -
h - 6 C o n c l u s i o n s
1. T h e  s o l u t i o n  p r o c e d u r e  f o r  a  f i n i t e  d i f f e r e n c e
s o l u t i o n  o f  a  a n  a x i s y m m e t r i c  ,  l a m i n a r  n o n - N e w t o n i a n  
j e t  o f  a P o w e r - L a w  f l u i d  , w i t h  a  u n i f o r m  e x i t  p r o f i l e  
h a s  b e e n  o u t l i n e d .
2-  T h e  e x p e r i m e n t a l  r e s u l t s  o f  G r e e n e  h a v e  b e e n  s h e w n  t o
c o m p a r e  v e r y  w e l l  w i t h  t h e  n u m e r i c a l  s o l u t i o n  i n  b o t h  
t h e  d e v e l o p i n g  a n d  t h e  f u l l y  d e v e l o p e d  r e g i o n s .
3- T h e  d e v e l o p i n g  l e n g t h  o f  a n o n - N e w t o n i a n  j e t  was  f o u n d
f o r  a  P o w e r - L a w  f l u i d .  T h e  d e v e l o p i n g  l e n g t h  i n c r e a s e d  
w i t h  a d e c r e a s e  i n  t h e  P o w e r - L a w  i n d e x .  T h i s  i n c r e a s e  
i n  t h e  d e v e l o p i n g  l e n g t h  c o u l d  b e  d u e  t c  t h e  l a r g e r  
mo me n t u m f l u x  w h i c h  i s  f o u n d  i n  t h e  j e t s  c f  h i g h e r  
d e g r e e s  o f  P s e u d c p l a s t i c i t y .
*1. T h e  p r o f i l e s  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n  w e r e  f o u n d
t o  b e  s i m i l a r  t c  t h o s e  o f  a  j e t  e x i t i n g  f r o m  a t u b e  
w i t h  a f u l l y  d e v e l o p e d  t u b e  p r c f i l e -
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C h a p t e r  V 
EXPERIMENTAL I NVESTI GATION
5 - 1  O b j e c t i v e s
T h e  f o l l o w i n g  e x p e r i m e n t a l  s t u d y  wa s  c a r r i e d  o u t  i n  o r d e r  
t o  c h a r a c t e r i z e  t h e  v e l o c i t y  f i e l d  o f  a  f r e e  l a m i n a r  
n o n - N e w t o n i a n  j e t .  T h e  l a s e r  D o p p l e r  a n e m o m e t e r  wa s  c h o s e n  
t o  s t u d y  t h e  f l o w  p r o b l e m ,  s i n c e  i t  c a n  p r o v i d e  i n f o r m a t i o n  
t h a t  i s  s i m p l y  n o t  a v a i l a b l e  b y  a n y  o t h e r  t e c h n i g u e .  T h e  
o p t i c a l  m e a s u r i n g  v o l u m e  o f  t h e  L a s e r  D o p p l e r  a n e m o m e t e r  i s  
h i g h l y  s u i t e d  f o r  t h e  s t u d y  o f  l a m i n a r  j e t s  d u e  t o  t h e  f a c t  
t h a t  t h e  i n s e r t i o n  o f  a p i t o t - s t a t i c  t u b e  o r  h o t - f i l m
a n e m o m e t e r  d i s t u r b s  t h e  f l o w ,  a n d  c a n  t r i g g e r  a t r a n s i t i o n  
t o  t u r b u l e n t  f l o w .  A l s o  c o n t a c t  f l o w  m e a s u r i n g  d e v i c e s  u s e d  
i n  n a n - * J e v t c n i a n  f l u i d s  a r e  f o u n d  t o  b e  r a t h e r  u n r e l i a b l e  
a c c o r d i n g  t o  S e r t h  ( 1 9 6 9 ) .
T h e  e x p e r i m e n t s  w e r e  d e s i g n e d  i n  o r d e r  t o  d e t e r m i n e  t h e  
f o l l o w i n g :
1.  I f  t h e  L a s e r  D o p p l e r  A n e m o m e t e r  c o u l d  b e  s u c c e s s f u l l y
u s e d  i n  c o n j u n c t i o n  w i t h  n o n - N e w t c n i a n  j e t s .
2 .  How t h e  a d d i t i o n  o f  p o l y m e r s ,  s u c h  a s  S e p a r a n  AP30
a f f e c t e d  t h e  s t r u c t u r e  o f  t h e  j e t -
3 .  T h e  d e v e l o p i n g  l e n g t h -
-  UO -
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iJ. D a t a  f o r  t h e  c o m p a r i s o n  w i t h  t h e  n u m e r i c a l  s o l u t i o n s
t o  t h e  f l o w  p r o b l e m .
5 .  V e l o c i t y  d e c a y  o f  t h e  j e t -
6.  S p r e a d  o f  t h e  j e t .
5 . 2  S e l e c t i on o f  t h e  Wo r k i n g  F l u i d ^ —
T h e  s e l e c t i o n  o f  t h e  w o r k i n g  f l u i d  was  b a s e d  on  t h e  
f o l l o w i n g  c r i t e r i a :
1- T h e  f l u i d  s h o u l d  b e  o p t i c a l l y  t r a n s l u c e n t .
2 .  T h e  f l u i d  s h o u l d  s h o w  t i n e  i n d e p e n d e n t  n o n - K e w t o n i a n  
p r o p e r t i e s .
3 .  T h e  f l u i d  s h o u l d  p o s s e s s  a s u i t a b l e  n u m b e r  o f  s e e d i n g  
p a r t i c l e s .
h.  T h e  f l u i d  s h o u l d  b e  n o n - t o x i c .
S e p a r a n  APJO a s y n t h e t i c  p o l y m e r ,  m a n u f a c t u r e d  b y  t h e  Dow 
C h e m i c a l  C o m p a n y  w a s  f o u n d  t o  s a t i s f y  a l l  c f  t h e  a b o v e  
r e q u i r e m e n t s ,  s e p a r a n  AP3C i s  u s e d  i n  t h e  d i s t i l l a t i o n  
p r o c e s s  o f  s u g a r  b e e t s .  T h e  s o l u t i o n ' s  v i s c o s i t y  i s  
d e p e n d e n t  c n  t h e  pH o f  t h e  s o l v e n t  a n d  t h e r e f o r e  t h i s  
q u a n t i t y  s h o u l d  b e  m e a s u r e d  i f  s u b s e q u e n t  b a t c h e s  a r e  t o  b e  
made  h a v i n g  t h e  s a m e  q u a l i t i e s ,  a c c o r d i n g  t o  C h e  a n d  H a r n e t t  
( 1 9 9 2 )  .
A l l  o f  t h e  S e p a r a n  AP30 s o l u t i o n s  w e r e  p r e p a r e d  b y  s l o w l y  
a d d i n g  t h e  s a l u t e  t o  a 2 0 0  l i t r e  d r u m  c o n t a i n i r g  t a p  w a t e r -  
The  s o l u t i o n  w a s  p u mp e d  f r o m  t h e  b o t t o m  t o  t h e  t o p  c f  t h e
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t a n k  f o r  a t w e n t y  f o u r  h o u r  t i n e  p e r i o d .  An a l g a e  
i n h i b i t o r ,  P h e n i l m e r c u r i c  a c e t a t e  ( 0 - 0 1 3  b y  w e i g h t )  was  t h e n  
a d d e d  t o  t h e  s o l u t i o n .  T h e  s o l u t i o n  w a s  t h e n  m i x e d  f o r  f i v e  
h o u r s ,  i t  w a s  t h e n  a l l o w e d  t o  s t a n d  f o r  a  t w e n t y  f o u r  h o u r  
t i m e  p e r i o d  b e f o r e  b e i n g  p u m p e d  i n t o  t h e  t e s t  f a c i l i t y -  T h e  
s o l u t i o n  pH wa s  t h e n  r e c o r d e d .  T h e  s o l u t i o n s  b e c a m e  l e s s  
a c i d i c  a s  m o r e  s o l u t e  wa s  a d d e d .  T h e  pH v a l u e s  a r e  g i v e n  i n  
T a b l e  5 -  1 f o r  t h e  v a r i o u s  c o n c e n t r a t i o n s .
S e p a r a n  AP30 i s  k n o wn  t o  p o s s e s s  b i r e f r i n g e n t  p r o p e r t i e s .  
I t  w a s  n o t  k n o w n  i f  t h e  u s e  o f  a  L a s e r  D o p p l e r  a n e m o m e t e r  
w o u l d  p r o v e  t o  b e  t r o u b l e s o m e  w i t h  t h i s  t y p e  o f  f l u i d .  
T h r o u g h  e x p e r i m e n t a t i o n  i t  was  f o u n d  t h a t  t n e  b i r e f r i n g e n t  
p r o p e r t i e s  o f  t h e  S e p a r a n  s o l u t i o n s  d i d  n o t  s e e m  t c  a f f e c t  
t h e  d a t a  a c q u i s i t i o n -  I t  w a s  f o u n d  t h a t  t h e  f l u i d  wa s  q u i t e  
w e l l  s u i t e d  f o r  L a s e r  D o p p l e r  A n e m o m e t e r  m e a s u r e m e n t s -  
C u i t e  s u r p r i s i n g l y  a  h i g h e r  d a t a  r a t e  a n d  b e t t e r  s i g n a l  
g u a l i t y  wa s  f o u n d  t o  e x i s t  w i t h  t h e  p o l y m e r  s o l u t i o n  t h a n  
w i t h  w a t e r  a l o n e ,  t h i s  c a n  p e r h a p s  b e  a t t r i b u t e d  t o  t h e  f a c t  
t h a t  p o l y m e r  c h a i n s  h e l p  s c a t t e r  t h e  l a s e r  l i g h t  a n d  p r o v i d e  
m o r e  p a r t i c l e s  i n  t h e  m e a s u r i n g  v o l u m e .
S e p a r a n  AP30 h a s  n o t  o n l y  a  n o n - N e w t o n i a n  b e h a v i o r  b u t  i s  
a l s o  c o n s i d e r e d  t o  b e  a n  e f f e c t i v e  d r a g  r e d u c e r -  T h e  
f r i c t i o n a l  r e s i s t a n c e  o f  d i l u t e  p o l y m e r  s o l u t i o n s  c a n  b e  a s  
l o w a s  o n e  g u a r t e c  o f  t h a t  c f  t h e  p u r e  s o l v e n t  a s  r e p o r t e d  
by  H a y t  ( 1 9 7 2 ) .  At  t h e  t i m e  o f  t h e  s e l e c t i o n  c f  t h i s  f l u i d
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i t  w a s  n o t  k n o w n  how t h e  d r a g  r e d u c i n g  n a t u r e  c f  t h i s  f l u i d  
w o u l d  a f f e c t  t h e  r e s u l t s .
5 . 3  V i s c o s i t y  M e a s u r e m e n t s
T h e  r h e o l o g i c a l  p r o p e r t i e s  o f  e a c h  o f  t h e  s o l u t i o n s  w a s  
m e a s u r e d  i n  a  H a a k e  v i s c o m e t e r  ( I n m c n t  c o r p o r a t i o n ,  
S o u t h f i e l d ,  M i c h i g a n ,  USA) a n d  a c a p i l l a r y  t u b e  v i s c o m e t e r -  
T h e  H a a k e  v i s c o m e t e r  m e a s u r e m e n t s  w e r e  i n  t h e  l e w  s h e a r  r a t e  
r a n g e  a n d  w e r e  u s e d  t c  p r o v i d e  s u c h  q u a n t i t i e s  a s  t h e  z e r o  
s h e a r  r a t e  v i s c o s i t y .  A t e m p e r a t u r e  c o n t r o l l e d  b a t h  w a s  
u s e d  f o r  a l l  t h e  m e a s u r e m e n t s  a n d  w a s  s e t  a t  2 5 ° c .
T h e  v i s c o s i t y  m e a s u r e m e n t s  i n  t h e  h i g h  s h e a r  r a t e  
r e g i o n  w e r e  c a r r i e d  o u t  w i t h  a  f a l l i n g  h e a d  c a p i l l a r y  t u b e  
v i s c o m e t e r  a s  d e s i g n e d  b y  W a l a w e n d e r  a n d  C h e n  {1S 7 5 )  a n d  
s h o w n  i n  F i g u r e  5 . 1 -  T h e  c a p i l l a r y  b o r e  a n d  l e n g t h  ( 1 . 4 2 m m  
a n d  l / d = 2 1 5 )  w e r e  t a k e n  f r o m  m e a s u r e m e n t s  b y  Kumar  ( 1 9 3 3 ) .  
Th e  c a p i l l a r y  l e n g t h  wa s  m e a s u r e d  d i r e c t l y  a n d  t h e  H a d i u s  
wa s  d e t e r m i n e d  b y  f i l l i n g  t h e  t u b e  w i t h  m e r c u r y ,  w e i g h i n g  
t h e  t u b e ,  a n d  t h e n  d e t e r m i n i n g  t h e  r a d i u s  f r o m  t h e  v o l u m e .  
The  v i s c o s i t y  m e a s u r e m e n t s  w e r e  t a k e n  i n  a t e m p e r a t u r e  
c o n t r o l l e d  r o c m .
I n  o r d e r  t o  d e t e r m i n e  t h e  a p p a r e n t  v i s c o s i t y  w i t h  t h e  
c a p i l l a r y  t u b e  t h e  h e i g h t  o f  t h e  s u p p l y  t u b e  v e r s u s  t i m e  
m u s t  b e  d e t e r m i n e d .  A s t o p w a t c h  w i t h  a s p l i t  s e c c n d  t i m e r  
i s  u s e d  t o  t i m e  t h e  d e s c e n t  o f  t h e  f l u i d  i n  t h e  s u p p l y
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c o l u m n .  F r c m  t h i s  d a t a  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  
a p p a r e n t  v i s c o s i t y  f r o m  a n  a n a l y s i s  g i v e n  by W a l a w e n d e r  a n d  
T j a h a j a d i  { S^Q6) .  T h e  r e s u l t s  o f  t h e  v i s c o s i t y  r e a d i n g s  a r e  
g i v e n  i n  T a b l e  5 . 2 ,  T a b l e  5 . 3  a n d  T a b l e  5 . 4 .  G r a p h i c a l l y  
t h e  v i s c o s i t y  d a t a  f o r  t h e  2 5 0 ,  5 0 0  a n d  1000  ppm s o l u t i o n s
a r e  s h o w n  i n  F i g u r e  5 . 2 ,  F i g u r e  5 . 3  a n d  F i g u r e  5 . * ! .  A l s o  
s h o w n  a r e  t h e  P o w e r - L a w  m o d e l  a n d  t h e  P o w e r - S e r i e s  v i s c o s i t y  
m o d e l .
T h e  P o w e r - L a w  m o d e l  i s  d e r i v e d  f r o m  t h e  f a c t  t h a t  t h e  
l o g a r i t h m  o f  v i s c o s i t y  i n  t h e  m o d e r a t e  t o  h i g h  s h e a r  r a t e  
r e g i o n  g i v e s  a  l i n e a r  r e l a t i o n s h i p  when  p l o t t e d  a g a i n s t  
t h e  l o g a r i t h m  o f  t h e  s h e a r  r a t e .  The  P o w e r - I a w  m o d e l  w a s  
f i t  t o  t h e  c a p i l l a r y  t u b e  d a t a  w i t h  t h e  a i d  c f  a l i n e a r  
r e g r e s s i o n  p r o g r a m  w r i t t e n  w i t h  S . A . S .  ( 1 9 9 2 )  , a s t a t i s t i c a l  
a n a l y s i s  p a c k a g e  a v a i l a b l e  o n  t h e  m a i n  f r a m e  a t  t h e  
U n i v e r s i t y  o f  W i n d s o r .
T h e  P o w e r - S e r i e s  v i s c o s i t y  m o d e l  w a s  f i t  t o  b o t h  t h e  
H a a k e  v i s c o m e t e r  a n d  t h e  c a p i l l a r y  t u b e  v i s c o m e t e r  d a t a .  
A g a i n  t h e  S . A . S .  p a c k a g e  w a s  u t i l i z e d  f o r  t h e  c u r v e  f i t t i n g  
p r o c e d u r e .  T h i s  m e t h o d  e n a b l e s  t h e  g u i c k  d e t e r m i n a t i o n  o f  
t h e  z e r o  s h e a r  r a t e  v i s c o s i t y ,  s i n c e  t h e  c u r v e  f i t t e d  m o d e l  
c a n  h e  u s e d  t o  e x t r a p o l a t e  t o  t h e  v a l u e  o f  z e r o  s h e a r -  T h e  
c o n s t a n t s  f o r  t h e  P o w e r - L a w  a n d  t h e  P o w e r - S e r i e s  m o d e l s  a r e  
g i v e n  i n  T a b l e  5 . 5 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 5
I t  b e c o m e s  e v i d e n t  t h a t  t h e  P o w e r - L a w  v i s c o s i t y  m o d e l  
b r e a k s  d o w n  a s  t h e  s h e a r  r a t e  a p p r o a c h e s  i n f i n i t y  a n d  a s  t h e  
s n e a r  r a t e  a p p r o a c h e s  z e r o -  As  t h e  s h e a r  r a t e  a p p r o a c h e s  
z e r o  t h e  P o w e r - L a w  m o d e l  p r e d i c t s  a n  a p p a r e n t  v i s c o s i t y  o f  
i n f i n i t y .  At  a n  i n f i n i t e  s h e a r  r a t e  t h e  P o w e r - L a w  m c d e l  
p r e d i c t s  a n  a p p a r e n t  v i s c o s i t y  c f  z e r o  f o r  a  p s e u d c p l a s t i c  
f l u i d -  F o r  a  d i l a t a n t  f l u i d  a n  a p p a r e n t  v i s c o s i t y  o f  
i n f i n i t y  i s  f o u n d  a s  t h e  s h e a r  r a t e  a p p r o a c h e s  i n f i n i t y .  
W h i l e  a n  a p p a r e n t  v i s c o s i t y  o f  z e r c  i s  a p p r o a c h e d  a t  z e r o  
s h e a r  r a t e .
5 . 4  F l u i d  F l o w  T e s t  S t a n d
T h i s  s e c t i o n  d e s c r i b e s  t h e  c o m p o n e n t s  i n  w h i c h  a l l  c f  t h e  
v e l o c i t y  p r o f i l e s  w e r e  o b t a i n e d -  T h e  f l u i d  f l e w  f a c i l i t y  i s  
s h o w n  i n  F i g u r e  5 . 5  a n d  a  s c h e m a t i c  d i a g r a m  o f  t h e  s e t  u p  i s  
p r e s e n t e d  i n  F i g u r e  5 . 6 .
T h e  t e s t  f l u i d  w a s  p u m p e d  b y  a  s m a l l  c e n t r i f u g a l  pump 
( ma x i mum c a p a c i t y  o f  5 . 0  k g / m i n )  up  t o  a  c o n s t a n t  h e a d  t a n k -  
Th e  t a n k  w a s  a p p r o x i m a t e l y  43  c m .  i n  d i a m e t e r ,  w i t h  a h e i g h t  
o f  25 c m.  a n d  w a s  c o n s t r u c t e d  o u t  o f  p l e x i g l a s s .  T h e  
c o n s t a n t  h e a d  t a n k  w a s  e q u i p p e d  w i t h  a  p l e x i g l a s s  o v e r f l o w  
t u b e  w i t h  a  d i a m e t e r  o f  5 c m . ,  a n d  a s u p p l y  t u f c e  l o c a t e d  a t  
t h e  b o t t o m  o f  t h e  t a n k .  T h e  t a n k  w a s  f a s t e n e d  t c  a s t e e l  I  
be a m a t  a  h e i g h t  o f  4 &.
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T h e  c o n s t a n t  h e a d  t a n k  w a s  c o n n e c t e d  t o  a  m e t e r i n g  v a l v e  
w h i c h  w a s  c o n n e c t e d  t o  t w o  r o t a m e t e r s .  F l e x i b l e  t u b i n g  1 c m.  
i n  d i a m e t e r ,  c o n n e c t e d  t h e  t w o  r o t a m e t e r s  t o  a 15 cm 
d i a m e t e r  s e t t l i n g  c h a m b e r  ( 120 cm.  i n  l e n g t h ) .  T h e
s e t t l i n g  c h a m b e r ,  s h o w n  i n  F i g u r e  5 . 7 ,  was  e q u i p p e d  w i t h  
f i n e  mes h  i n  c r a e r  t o  d i f f u s e  t h e  f l u i d  f l o w  a s  i t  
a p p r o a c h e d  t h e  s u p p l y  t u b e .  T h e  s e t t l i n g  c h a m b e r  w a s  
c o n n e c t e d  t o  t h e  s u p p l y  t u b e  b y  a  w e l l  r o u n d e c  b e l l  m o u t n  
e n t r a n c e .  Th e  s u p p l y  t u b e  c o n n e c t i n g  t h e  s e t t l i n g  c h a m b e r  
t o  t h e  j e t  c h a m b e r  w a s  a s e a m l e s s  s t a i n l e s s  s t e e l  p i p e  { 6 . 0 4  
mm I . D .  a n d  l / d = 4 0 2  ) -  The  mi n i mum 1 / d  r a t i c  f c r  f u l l y  
d e v e l o p e d  f l o w  i n  a  t u b e  w a s  c a l c u l a t e d  f r o m  t h e  n u m e r i c a l  
wo r k  o f  C o l l i n s  { 1 9 6 3 ) .  C o l l i n s  m o d e l e d  t h e  e n t r a n c e  
r e g i o n  i n  a  p i p e  t o  d e t e r m i n e  t h e  d i s t a n c e  t c  t h e  r e g i o n  
w h e r e  f u l l y  d e v e l o p e d  p i p e  - f l ow wa s  e n c o u n t e r e d .  T h e
r e s u l t s  i n d i c a t e d  t h a t  a p s e u d o p l a s t i c  f l u i d  h a d  t h e  
l o n g e s t  e n t r a n c e  l e n g t h  . I t  w a s  f o u n d  t h a t  f c r  a F o w e r - L a w  
i n d e x  o f  0 . 5 9  a n d  f o r  a E e y n o l d s  n u m b e r  o f  15C0 a n  1 / d  o f  
150 i s  n e e d e d  t o  e n s u r e  f u l l y  d e v e l o p e d  p i p e  f l o w ,  h e n c e  
t h e  e x p e r i m e n t a l  s e t - u p  i s  m e r e  t n a n  a d e q u a t e  i n  t h i s  
r e s p e c t .  T h e  s t a i n l e s s  s t e e l  p i p e  w a s  s e c u r e d  i n  t h e  c e n t r e
o f  a  3 - 1 8  cm d i a m e t e r  c o p p e r  p i p e  w i t h  s p a c e r s  e v e r y  30 c m.
i n  c r d e r  t o  p r e v e n t  t e n d i n g .  T h e  c o p p e r  p i p e  wa s  a l s o  
s u p p o r t e d  i n  t h e  m i d d l e  o f  i t s  s p a n  f o r  a d d e d  s t r e n g t h .
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T h e  s e a m l e s s  s t a i n l e s s  s t e e l  t u b e  e x i t e d  i n t o  t h e  j e t  
c h a m b e r .  T h e  t u b i n g  was  f l u s h  v i t n  t h e  u p s t r e a m  e n d  w a l l  o f  
t h e  c h a m b e r .  T h e  j e t  c h a m b e r  t a d  a  15 cm- s g u a r e  c r o s s  
s e c t i o n  w i t h  a l e n g t h  c f  1 . 5  m. T h e  l a r g e  s i 2 e c f  t h e  t a n k  
was  i n t e n d e d  t o  m i n i m i z e  w a l l  a n d  e n d  e f f e c t s .  T h e  j e t  
c h a m b e r  s h o w n  i n  F i g u r e  5 - 8  was  c o n s t r u c t e d  o f  p l e x i g l a s s  i n  
c r d e r  t o  m a i n t a i n  a n  o x i d a t i o n  f r e e  e n v i r o n m e n t  a n d  a l s o  t o  
a l l o w  t h e  l a s e r  b e a m s  t o  p a s s  t h r o u g h  t h e  w a l l s .  The  f l u i d  
e x i t e d  f r o m  t h e  j e t  c h a m b e r  t h r o u g h  a p l e x i g l a s s  t u b e ,  5cm.  
i n  d i a m e t e r ,  a n d  3 0 c m.  l c n g  .  T h e  t u b e  e m p t i e d  i n t o  a  
d o w n s t r e a m  c o n s t a n t  h e a d  t a n k  w i t h  a 2 4  cm-  d i a m e t e r ,  a n d  a  
24 c m.  h e i g h t .  T h i s  c o n s t a n t  h e a d  t a n k  w a s  f i t t e d  w i t h  a 4 
cm.  d i a m e t e r  t u b e  w h i c h  wa s  j o i n e d  t c  a  2 cm.  f l e x i b l e  h o s e  
w h i c h  r e t u r n e d  t h e  f l u i d  t o  t h e  pump t o  c o m p l e t e  t h e  l o o p .
5 - 5  T h e  T r a v e r s i n g  M e c h a n i s m
T h e  t r a v e r s e  m e c h a n i s m  i s  s h o w n  i n  F i g u r e  5 . 9 .  T h e  
t r a v e r s e  m e c h a n i s m ' s  r o l e  i s  t c  p r o v i d e  a  s t u r d y  b a s e  o n  
w h i c h  t h e  o p t i c s  o f  t h e  l a s e r  D o p p l e r  a n e m o m e t e r  c o u l d  b e  
m o u n t e d  a s  w e l l  a s  t o  p r o v i d e  t h r e e  d i m e n s i o n a l  m o v e m e n t  i n  
c r d e r  t o  p o s i t i o n  t h e  m e a s u r i n g  v o l u m e .  An u n d e r c a r r i a g e  
b e n e a t h  t h e  j e t  c h a m b e r  e n a b l e d  t h e  f o c u s i n g  a n d  r e c e i v i n g  
o p t i c s  t o  b e  mo v e d  t o g e t h e r  w i t h o u t  r e a l i g n m e n t  a f t e r  e a c h  
m e a s u r e m e n t .  T h e  t o p  m o u n t i n g  s t r u c t u r e  w a s  ma d e  f r o m  5 c m .  
a l u m i n i u m  a n g l e  s e c t i o n  .  T h e  s u p p o r t i n g  f r a m e  was  made
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f r o m  2 cm.  by 5 c m . ,  a n d  5 cm.  b y  3 cm.  s t e e l  t c x  s e c t i o n s .  
The  s y s t e m  u s e d  l i n e a r  b e a r i n g s  o n  2 - 5  cm d i a m e t e r  s h a f t s  
w h i c h  k e p t  t h e  t r a v e r s e  i n  a l i g n m e n t  i n  t h e  v e r t i c a l  
d i r e c t i o n .  The  t r a v e r s i n g  u n i t  wa s  b u i l t  w i t h  t w c  s t e p p e r  
m o t o r s  f o r  m o v e m e n t  i n  t h e  x a n d  y a x i s ,  a n d  a n  SCR m o t o r  
f o r  t h e  z a x i s  p o s i t i o n i n g .  T h e  t r a v e r s e  was  e g u i f F e d  w i t h  
o p t i c a l  c o u n t e r s  w h i c h  w e r e  u s e d  i n  c o n j u n c t i o n  w i t h  a  
d i g i t a l  r e a d - o u t  i n  o r d e r  t o  d e t e r m i n e  t h e  p o s i t i o n  o f  t h e  
m e a s u r i n g  v c l u m e .
5 . 6  L a s e r  D o p p l e r  ^ n eraome t e r  
5 .  6 -  1 O p t i c s
T h e  l a s e r  D o p p l e r  a n e m o m e t e r  was  e q u i p p e d  w i t h  a
S p e c t r a - P h y s i c s  5 mv.  H e l i u m - N e c n  l a s e r ;  [ m o d e l  1 2 0 ) .  T h e  
L a s e r  D o p p l e r  A n e m o m e t e r  s e t - u p  i n  t h e  d u a l  beam mode h a d  
l a s e r  l i g h t  p a s s i n g  t h r o u g h  a  g u a r t e r  wave  p l a t e  m o u n t e d  on 
t n e  f r o n t  e n d  o f  t h e  l a s e r .  The e m e r g i n g  l i g h t  i s  t h e n  
c i r c u l a r l y  p o l a r i z e d ,  a  s e c o n d  q u a r t e r  wave  p l a t e  m o u n t e d  
a t  t h e  r e a r  e n d  o f  t h e  o p t i c s  c o n v e r t s  t h e  l i g h t  b a c k  t o
l i n e a r  p o l a r i z a t i o n -  The  l i g h t  p a s s e s  t h r o u g h  t h e  beam
s p l i t t e r  w h i c h  s e p a r a t e s  t h e  s i n g l e  t e a m  i n t o  t w c  e g u a l  
i n t e n s i t y  b e a m s .  a E r a g g  c e l l  m o d u l e  was  u s e d  t o  i n t r o d u c e  
a f i x e d  U0 MHz.  f r e q u e n c y  s h i f t  b e t w e e n  t h e  t w c  b e a m s .  
A l t h o u g h  t h e  m a i n  p u r p o s e  o f  t h e  f r e q u e n c y  s h i f t e r  i s  t o  
e l i m i n a t e  d i r e c t i o n a l  a m b i g u i t y  i t  i s  a l s o  u s e f u l  when
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m e a s u r i n g  t h e  v e l o c i t y  c f  s l e w  m o v i n g  p a r t i c l e s  a n d  i n  
s e p a r a t i n g  t h e  p e d e s t a l  f r e g u e n c y  f r o m  t h e  D o p p l e r  s i g n a l -  
The  d i a m e t e r  o f  t h e  l a s e r  b e a m s  was  e x p a n d e d ,  i n  o r d e r  t o  
r e d u c e  t h e  s i z e  o f  t h e  m e a s u r i n g  v o l u m e -  Th e  t e a m e x p a n d e r  
i s  a  c o m b i n a t i o n  o f  l e n s e s ,  w h i c h  c o n v e r t s  t h e  p a r a l l e l  
b e a m s  e x i t i n g  t h e  o p t i c a l  s y s t e m  t o  p a r a l l e l  b e a m s  o f  
g r e a t e r  w i d t h -  W i t h  a l a r g e r  t e a m  d i a m e t e r  i t  i s  p o s s i b l e  
t o  f o c u s  t h e  b e a m s  o n t c  a  s m a l l e r  a r e a ,  a n d  a t  t h e  s a me  t i m e  
i n c r e a s e  t h e  l i g h t  i n t e n s i t y  t h e r e b y  r e d u c i n g  t h e  m e a s u r i n g  
v o l u m e  a n d  i n c r e a s i n g  t h e  s i g n a l  t o  n o i s e  r a t i o .
T h e  d i f f e r e n t i a l ,  d u a l  beam mode  o r  f r i n g e  mode L a s e r
D o p p l e r  A n e m o m e t e r  s e t - u p  c o m b i n e s  s c a t t e r e d  l i g h t  d e r i v e d  
f r o m  t w o  d i f f e r e n t  i n c i d e n t  b e a m s -  Th e  p h o t o m u l t i p l i e r  
m e a s u r e s  D o p p l e r  s h i f t e d ,  s c a t t e r e d  l i g h t  f r o m  a p a r t i c l e  
t r a v e l l i n g  w i t h  t h e  f l u i d ,  i l l u m i n a t e d  by t h e  t w c  b e a m s ,  
w h i c h  f o r m  t h e  m e a s u r i n g  v o l u m e -  The  t e r m  f r i n g e  mode i s  
d e r i v e d  f r o m  t h e  f a c t  t h a t  t w o  i n c o m i n g  l a s e r  b e a m s  f o r m  
i n t e r f e r e n c e  f r i n g e s  s h o wn  p i c t c r i a l l y  i n  F i g u r e  5 . 1 0 .  T h e  
l a s e r  a n d  t r a n s m i t t i n g  o p t i c s  a r e  s h o w n  i n  F i g u r e  5 . 1 1 .  
A f t e r  beam e x p a n s i o n  t h e  t w o  l i n e a r l y  p o l a r i z e d  l i g h t  r a y s  
a r e  f o c u s e d  w i t h  t h e  f r o n t  l e n s  ( f ^ = 1 6 0  mm) , t h e s e  b e a m s
i n t e r s e c t e d  a t  a n  a n g l e  o f  6 = 0 . 2 9 4  r a d i a n s .  Th e  beamI
i n t e r s e c t i o n  p o i n t  c a n  b e  s e e n  i n  F i g u r e  5 - 1 2 -  T h e  
r e c e i v i n g  o p t i c s  a r e  s h o w n  i n  F i g u r e  5-  13-  I t  c o n s i s t s  o f  
a p h o t o m u l t i p l i e r  w h i c h  e m i t s  a c u r r e n t  p u l s e  f r o m  a
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p h o t c d e t e c t o r  b e c a u s e  o f  a n  i n t e r a c t i o n  w i t h  t h e  o p t i c a l  
f i e l d  a n d  t h e  p h o t o - s e n s i t i v e  m a t e r i a l .  T h i s  c u r r e n t
c o n t a i n s  t h e  f r e g u e n c y  i n f o r m a t i o n  a s s o c i a t e d  v i t h  t h e  f l o w
f i e l d .
5 . 6 . 2 S i g n a l  P r o c e s s i n g
T h e  s i g n a l  p r o c e s s i n g  w a s  p e r f o r m e d  w i t h  t h e  a i d  o f  a
c o u n t e r  p r o c e s s o r ,  w h i c h  i s  s h o w n  i n  F i g u r e  5 . 1 4 .  T h e  
s i g n a l  p r o c e s s i n g  w a s  a c c o m p l i s h e d  by f i r s t  p a s s i n g  t h e  
p h o t o m u l t i p l i e r  s i g n a l  t h r o u g h  h i g h  a n d  l o w p a s s  f i l t e r s .  
The  p r o c e s s i n g  w a s  t h e n  h a n d l e d  w i t h  a  d i g i t a l  c o u n t e r  
p r o c e s s o r  w h i c h  e s s e n t i a l l y  t i m e d  t h e  p a r t i c l e s  s u s p e n d e d  i n  
t h e  f l o w  o v e r  a f i x e d  n u m b e r  o f  f r i n g e s  i n  t h e  m e a s u r i n g
v o l u m e .  T h e  s p e e d  w a s  t h e n  c o m p u t e d  b y  d i v i d i n g  t h e
d i s t a n c e  b e t w e e n  t h e  f r i n g e s  b y  t h e  t i m e -  T h e  s p e e d  c f  t h e  
p a r t i c l e  w a s  c h e c k e d  by t h e  c o u n t e r  p r o c e s s o r  w i t h  a  5 / 9  
v a l i d a t i o n  p r o c e d u r e -  T h i s  c o n s i s t e d  o f  c h e c k i n g  t o  s e e  i f  
t l i e  p a r t i c l e  h a d  t h e  s a m e  D o p p l e r  f r e g u e n c y  a s  i t  p a s s e d  
t h r o u g h  5 a n d  9 f r i n g e s .  I f  t h e  a g r e e m e n t  b e t w e e n  t h e  t w o  
v a l u e s  was  w o r s e  t h a n  3SE t h e  m e a s u r e m e n t  was  d i s c a r d e d .
5 . 6 - 3 C o m p u t e r  I n t e r f a c i n g
T h e  c o u n t e r  p r o c e s s o r  w a s  i n t e r f a c e d  t o  a T a n d y  
C o r p o r a t i o n ,  IBM c o m p a t i b l e  m i c r o c o m p u t e r -  A s c h e m a t i c  o f  
t h e  ' I n  H o u s e '  b u i l t  i n t e r f a c e ,  d e s i g n e d  b y  T s u i  [ 1 9 9 5 )  i s  
g i v e n  i n  A p p e n d i x  I -  T h e  i n t e r f a c e  a l l o w e d  g u a n t i t i e s  s u c h
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a s  D o p p l e r  F r e g u e n c y  ,  b u r s t  t i m e ,  t r a n s i t  t i m e  
n u m b e r  t o  b e  b r o u g h t  i n t o  t h e  ma i n  memor y  o f  
w h e r e  i t  w a s  t h e n  p o s s i b l e  t o  m a n i p u l a t e  t h i s  
f l o w  f i e l d  d a t a  a n d  s p a t i a l  c o o r d i n a t e s  we r e  
o n t o  a  f l o p p y  d i s k  f o r  f u r t h e r  a n a l y s i s .
5 . 6 . 4  C o m p u t e r  I n t e r f a c e  S o f t w a r e
T h e  d a t a  a c q u i s i t i o n  p r o g r a m  w a s  c o - w r i  
( 1 9 9 5 )  a n d  t h e  p r e s e n t  a u t h o r  i n  T u r b o  P a s c a l  ( 
g i v e n  i n  A p p e n d i x  J .  Th e  c o m p u t e r  p r o g r a m  
was  u s e d  t o  r e t r i e v e  t h e  d a t a  f r o m  t h e  c o u n t  
m a n i p u l a t e  t h e  d a t a  a n d  s t o r e  i t  on a d i s k  a s  
, i n  o r d e r  t o  c o n s e r v e  s p a c e .  T h e  c o m p u t e  
A p p e n d i x  K wa s  u s e d  t o  n o n d i m e n s i o n a l i z e  t  
c a l c u l a t e  q u a n t i t i e s  s u c h  a s  t h e  h a l f  r a d i u s -
5 . 7  E x p e r i m e n t a l  P r o c e d u r e
I n ' t h i s  s e c t i o n  t h e  p r o c e d u r e s  a n d  t h e  p r e c a u t i o n s  f o r  a  
t y p i c a l  e x p e r i m e n t a l  r u n  a r e  d i s c u s s e d .
5 . 7 .  1 I n i t i a l  a d j u s t m e n t s  a n d  C a l i b r a t i o n
T h e  s e t t l i n g c h a m b e r was f i r s t b o l t e d  ccwn t c  t h e
l a b o r a t o r y  f l o o r . Wi t h t h e  a i d o f  a c h a l k  l i r e  t h e  s u p p l y
t u b e  a n d  j e t  cham h e r  w e r e f a s t e n e d  i n p l a c e .  A s p i r i t  l e v e l
was u s e d  i n  o r d e r t o  x e e p t h e  s e t t l i n g  c h a m b e r ,  t h e  s u p p l y
t u b e  a n d  t h e  j e t c h a m b e r l e v e l . The t r a v e r s e  was  a l i g n e d
, a n d  f r i n g e  
t h e  c o m p u t e r  
d a t a .  T h e  
l a t e r  dumpe d
t t e n  by T s u i
1985)  a n d  i s
i n A p p e n d i x  J
e r p r o c e s s o r ,
an AS C I I  f i l e
r p r o g r a m  i n
be d a t a  a n d
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v i i t h  t h e  e x t e r i o r  o f  t h e  j e t  c h a m b e r  a n d  s e c u r e d  t o  t h e  
f l o o r  w i t h  l a g  b e l t s .  F l e w  v i s u a l i z a t i o n  was  t h e n  p e r f o r m e d  
t o  s e e  i f  a n y  g r o s s  a l i g n m e n t  e r r o r s  w e r e  p o s s i t l y  made -  By 
i n j e c t i n g  a d y e  i n t o  t h e  s e t t l i n g  c h a m b e r  t h e  f l u i d  j e t  
b e c a m e  v i s i b l e  i n  t h e  j e t  c h a m b e r  a s  t h e  d y e  t r a v e l l e d  o u t  
o f  t h e  s u p p l y  t u b e .  T h e  j e t  i s  s h o w n  i n  F i g u r e  5 . 1 5 .
T h e  L a s e r  D o p p l e r  a n e m o m e t e r  s h o w n  i n  F i g u r e  5 * 1 6  w a s  
s e t  u p  i n  t h e  d u a l  beam mo d e  a c c o r d i n g  t o  t h e  
r e c o m m e n d a t i o n s  o f  t h e  D i s a  E l e c t r o n i c s  C o r p o r a t i o n  m a n u a l s  
( 1 9 7 S ) .  T h e  o p t i c a l  a x i s  o f  t h e  l a s e r  D o p p l e r  s y s t e m  w a s  
mo v e d  by  a n  a n g l e  e q u a l  t o  o n e  h a l f  t h e  bea m i n t e r s e c t i o n  
a n g l e  a s  s h o w n  i n  F i g u r e  5 . 1 1 .  T h i s  was  d o n e  i n  c r d e r  t o  
e n a b l e  t h e  p r o b e  v o l u m e  t c  be  p l a c e d  c l o s e r  t o  t h e  t u b e  e x i t  
w i t h o u t  i n t e r f e r i n g  w i t h  t h e  e n d  w a l l  o f  t h e  j e t  c h a m b e r .  
Due t o  t h i s  p r o c e d u r e  t h e  v e l o c i t y  r e a d i n g s  m u s t  b e  a d j u s t e d  
a s  f e l l o w s
c o s  6 / 2
5 . 7 . 2  C o l l e c t i o n  o f  V e l o c i t y  P r o f i l e  D a t a
T h e  p r o c e d u r e  f c r  t h e  d e t e r m i n a t i o n  o f  t h e  v e l o c i t y  
d a t a  i s  o u t l i n e d  i n  t h i s  s e c t i o n .  F i r s t  t h e  t e m p e r a t u r e  o f  
t h e  s o l u t i o n  w a s  r e c o r d e d  { a l l  m e a s u r e m e n t s  w e r e  a t  25° C +
1 - 5 ° C )  O n c e  an  a x i a l  l o c a t i o n  a n d  R e y n o l d s  n u m b e r  
( P o w e r - L a w  E e y n o l d s  n u m b e r )  w e r e  c h o s e n  t h e  v o l u m e t r i c  f l o w
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r a t e  c o u l d  b e  s e t  w i t h  t h e  k n o w l e d g e  o f  t h e  d e n s i t y ,  t u b e  
d i a m e t e r ,  a n d  T h e o l o g i c a l  p r o p e r t i e s  o f  t h e  f l u i d .  A l l  
s e t t i n g s  w e r e  ma d e  on t h e  c o u n t e r  p r o c e s s o r  a t  t h i s  p o i n t .  
The f l o w m e t e r  w a s  t h e n  s e t  t o  t h e  d e s i r e d  f l o w ,  a f t e r  w h i c h  
t h e  m a s s  f l o w  r a t e  wa s  a c c u r a t e l y  d e t e r m i n e d  fcy w e i g h i n g  a 
v o l u m e  o f  f l u i d  a n d  n o t i n g  t h e  t i m e  w i t h  a  s t o p w a t c h .  T h e  
R e y n o l d s  n u m b e r  was  a g a i n  c a l c u l a t e d  a n d  a d j u s t e d  u n t i l  a  
t h r e e  p e r c e n t  a g r e e m e n t  b e t w e e n  t h e  d e s i r e d  a n d  a c t u a l  
n u m b e r  wa s  a c h i e v e d .
A f t e r  t h e  d e s i r e d  f l o w  c o n d i t i o n s  w e r e  r e a c h e d  t h e  
t r a v e r s e  w a s  z e r o e d  by f o r c i n g  i t  b a c k  a g a i n s t  a  p h y s i c a l  
s t o p  w h i c h  w a s  s e t  a t  t h e  e n t r a n c e  o f  t h e  j e t  c h a m b e r .  T h e  
r e a d o u t s  w e r e  t h e n  r e s e t  t o  z e r o ,  a n d  t h e  a x i a l  d i s t a n c e  wa s  
a d j u s t e d .  N e x t  t h e  p r o b e  v o l u m e  wa s  mo v e d  i n  t h e  y a n d  z 
d i r e c t i o n  u n t i l  a max i mum v e l o c i t y  r e a d i n g  w a s  f o u n d ,  t h e  
d i g i t a l  r e a d o u t s  i n  t h e  y a n d  z l c c a t i o n s  w e r e  a g a i n  
r e z e r o e d .  Th e  t r a v e r s e  was  t h e n  moved  i n  t h e  z  d i r e c t i o n  
a n d  t h e  r e a d i n g s  w e r e  t a k e n  a p p r o x i m a t e l y  e v e r y  0 . 6  mm- f o r  
a n y  r a d i u s  g r e a t e r  t h a n  5 mm. ,  a n d  d a t a  w e r e  t a k e n  e v e r y  
C . 3 mm. f o r  a n y  r a d i u s  l e s s  t h a n  5 mm- Th e  d a t a  w e r e  a l l  
t a k e n  w h i l e  t r a v e r s i n g  i n  o n e  d i r e c t i o n  t o  e l i m i n a t e  a n y  
e r r o r  d u e  t o  b a c k l a s h  i n  t h e  s y s t e m .
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5 ,  8 R e s u l t s  a nd  D i s c u s s i o n
T h i s  s e c t i o n  d e a l s  w i t h  t h e  p r e s e n t a t i o n  o f  t h e  
e x p e r i m e n t a l  r e s u l t s  a n d  t h e  d i s c u s s i o n  o f  t h e  t h e o r e t i c a l  
f i n d i n g s .
5 .  8 . 1 V e l o c i t y  F r e q u e n c y  R e l a t i o n s h i p
When t h e  t w o  l i n e a r l y  p o l a r i z e d  l i g h t  b e a m s  a r e  f o c u s e d  a  
s e t  o f  i n t e r f e r e n c e  f r i n g e s  a r e  f o r m e d  a t  t h e  m e a s u r i n g  
v o l u m e  a s  s e e n  i n  F i g u r e  5 . 1 0 .  T h e  f r i n g e  s p a c i n g ,  d g  
d e p e n d s  o n l y  o n  t h e  w a v e l e n g t h  c r  t h e  l a s e r  l i g h t  a n d  t h e  
beam i n t e r s e c t i o n  a n g l e  C .  Th e  s p a c i n g  i s  g i v e n  by
A
f  " —  "9 I S - 2)2 s in  2 .
The v e l o c i t y  o f  t h e  f l u i d  p a r t i c l e  c a n  b e  f o u n d  u t i l i z i n g  
t h e  E o p p l e r  f r e q u e n c y
u = f d df  (5 .  3)
c r
2u sin
f d -  A  : 5 - ‘‘ )
" D i f f e r e n t i a l  D o p p l e r "  i s  a n o t h e r  t e r m  a p p l i e d  t o  t h e  
d u a l  b e a m t e c h n i q u e .  T h i s  c o r r e c t l y  i m p l i e s  D o p p l e r  s h i f t e d  
s c a t t e r e d  l i g h t  s i g n a l s  f r o m  a  p a r t i c l e  i l l u m i n a t e d  by  t w o  
b e a m s .  T h e  s c a t t e r e d  l i g h t  f r o m  t h e  o r i g i n a l  b e a m s  i s  
h e t e r o d y n e d  a t  t h e  s u r f a c e  o f  t h e  p h o t o d e t e c t o r .  f c h i l e  t h e
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f r i n g e  d e s c r i p t i o n  y i e l d s  t h e  c o r r e c t  f r e q u e n c y  ( t h e  s i n g l e  
mo s t  i m p o r t a n t  p i e c e  c f  i n f o r m a t i o n )  i t  c a n n o t  b e  u s e d  t o  
p r e d i c t  t h e  c o r r e c t  s h a p e  o f  t h e  s i g n a l  o r  s u c h  p e r f o r m a n c e  
s p e c i f i c a t i o n s  s u c h  a s  a s  s i g n a l  t o  n o i s e  r a t i o  . { T h e r m a l  
S y s t e m s  I n c .  ( 1 S £ 4 ) )
E q u a t i o n  5 . 4  y i e l d s  t h e  D o p p l e r  f r e q u e n c y  w h i c h  i s  
p r o p o r t i o n a l  t o  t h e  v e l o c i t y  t i m e s  ( s i n  8 / 2 ) / \  -  A s i m p l e  
p r o o f  w i t h  S n e l l ' s  l a w  i n d i c a t e s  t h a t  ( s i n  G/ 2 ) / \  i s
i n d e p e n d e n t  o f  t h e  w o r k i n g  me d i u m.
Th e  f r e q u e n c y  o f  t h e  s i g n a l  m e a s u r e d  b y  t h e  c o u n t e r  
p r o c e s s o r  i s  g i v e n  b y
f!L » f  . + f  ( 5 . 5 )d d s
c o m b i n i n g  e q u a t i o n s  5 - 3  a n d  5 . 4  y i e l d s
w h e r e  C i s  t h e  c a l i b r a t i o n  c o n s t a n t  d e t e r m i r e d  f r o m  t h e  
q u a n t i t i e s  b e l o w
( 5 - 6 )
c r
( 5 . 7 )
A. =632 . 9 E- 9  m ( 5 . 9 )
f s = 3 0 0  KHz o r  7 0 0  KHz ( 5 - 9 )
C-=2. 4 5 9E- 6  m/ s / MHz ( 5 - 1 0 )
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2 ile^5U i:ifl^_V o iu tte_J2 irae jis icns 
T h e  p r o b e  v o l u m e  i s  d e f i n e d  w i t h i n  t h e  1 / e 2 b o u n d a r y
o f  t h e  o p t i c a l  f r i n g e  m o d u l a t i o n ,  a s  s h o w n  i n  F i g u r e  5 . 1 7 *
Th e  m e a s u r i n g  v o l u m e  d i m e n s i o n s  c a n  b e  d e t e r m i n e d  f r o m  D i s a  
m a n u a l s  ( 1 9 7 9 ) ,  w i t h  t h e  f o l l o w i n g .  T h e  beam e x p a n s i o n  
r a t i c  i s  g i v e n  a s :
E = 1 . 9 3  75  ( 5 .  1 1)
T h e  f o c a l  l e n g t h  i s  g i v e n  b y :
f x =  160 mm ( 5 . 1 2 )
T h e  t e a m  w a i s t  d i a m e t e r  o f  t h e  u n f o c u s e d  l a s e r  t e a m  i s  g i v e n  
a s :
d ! = 1.  1 mm ( 5 .  1 3)
The  e x p a n d e d  beam w a i s t  d i a m e t e r  i s :
d z= 2 . 1  mm ( 5 . 1 h )
The f r i n g e  s p a c i n g  i s :  
d A. 4 f  x
a f  = --------------  = 0 . 0 6 a  mm ( 5 . 1 5 )
ir d 2
T h e r e f o r e  t h e  m e a s u r i n g  v o l u m e  d i m e n s i o n s  a s  s e e n  i n  F i g u r e  
5 . 1 7 -  a r e  a s  f o l l o w s :
i  = d f
m s i n  e / 2  = ° - ' m " "  !5- 16)
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m 0 . 0 6 4  mir
( 5 - 1 7 )
dfh 0 . 0 6 5  mm ( 5 . 1 8 )m ~
c o s  6 / 2
Jjjt.9 V e r i f i c a t i o n  o f  t f r e  L a m i n a r  N a t u r e  o f  t h e J e t
I n  t h e  p r e s e n t  e x p e r i m e n t a l  s t u d y  t h e  f l o w  h a s  a f u l l y  
d e v e l o p e d ,  l a m i n a r  p i p e  f l o w  p r o f i l e  wh e n  i t  e x i t s  i n t o  t h e  
j e t  c h a m b e r .  T h e  d i s t a n c e  f r o m  t h e  e x i t  p l a n e  t o  t h e  
t u r b u l e n t  t r a n s i t i o n  r e g i o n  i s  c a l l e d  t h e  l a n i n a r  l e n g t h -  
The  N e w t o n i a r .  l a m i n a r  l e n g t h  c o r r e l a t i o n s  o f  M c N a u g h t c n  a n d  
S i n c l a i r  ( 1 S 6 6 )  a n d  M a r s t e r s  ( 1 9 6 9 )  a l o r g  w i t h  t h e  
n o n - N e w t o n i a n  c o r r e l a t i o n  o f  K u m a r  ( 1 9 8 3 )  a r e  a l s o  s h e w n  i n  
F i g u r e  5 . 1 8 .  T h e  l o c a t i o n s  o f  t h e  e x p e r i m e n t a l  r e a d i n g s  
a r e  s h o w n  t o  b e  b e l o w  K u m a r ' s  c o r r e l a t i o n  i r  t h e  r e g i o n  
1 0 0 0 < K e  < 1 5 0 0  a n d  a l s o  b e l o w  M c N a u g h t o n  a n d  M a r s t e r s
c o r r e l a t i o n s .
Y g l  QS± t Y _ E r  o f  j  1 e s  
i x i a l  v e l o c i t y  p r o f i l e s  w e r e  o b t a i n e d  fc) t r a v e r s i n g  
r a d i a l l y  a c r o s s  t h e  j e t  w i t h  r e a d i n g s  t a k e n  a p p r o x i m a t e l y  
e v e r y  0 . 6  mm f o r  r a d i i  g r e a t e r  t h a n  5mm a n d  f o r  a n y  r a d i i  
l e s s  t h a n  5 mm t h e  r e a d i n g s  w e r e  t a k e n  a t  a p p r o x i m a t e l y  
e v e r y  0 . 3  mm i n t e r v a l s .  T h e  t r a v e r s i n g  w a s  d o t e  a l l  i n  o n e
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d i r e c t i o n  i n  c r d e r  t o  e l i m i n a t e  b a c k l a s h .  Th e  r a d i u s  i n  a l l  
o f  t h e  a x i a l  v e l o c i t y  p l o t s  i s  n o n - d i m e n s i o n a l i z e d  w i t h  t h e  
h a l f  r a d i u s  a s  s u g g e s t e d  by  A b r a m o v i c h  ( 1 9 6 3 ) .  The  a x i a l  
v e l o c i t y  i s  n c n d i r a e n s i o n a l i z e d  w i t h  t h e  l c c a l  maxi mum 
v e l o c i t y  f o u n d  a t  a  f i x e d  x / d  r a t i o .
T h e  p r o f i l e s  i n  t h e  p o l y m e r  s o l u t i o n s  a r e  c u i t e  s i m i l a r  
t o  t h o s e  f o u n d  w i t h  p u r e  w a t e r  .  T h e  f u l l  s e t  o f  d a t a  i s  
g i v e n  i n  A p p e n d i c e s  C t h r o u g h  F .  T h e s e  A p p e n d i c e s  c o n t a i n  
t h e  d a t a  f o r  s o l u t i o n s  o f  0 ,  2 5 0 ,  5 0 0 ,  a n d  100C ppm ( S o l u t e  
S e p a r a n  A P 3 0 ) .
T h e  t h e o r e t i c a l  s o l u t i o n  t o  f u l l y  d e v e l o p e d  p i p e  f l o w  o f  
a P o w e r - L a w  f l u i d  i s  g i v e n  i n  F i g u r e  5 . 1 9 .  A l s o  s h e w n  i n  
t h i s  f i g u r e  a r e  t h e  e x p e r i m e n t a l  v e l o c i t y  r e a d i n g s  a t  t h e  
l o c a t i o n  c l o s e s t  t o  t h e  t u b e  e x i t .  F i g u r e  5 . 2 C a n d  F i g u r e  
5 . 2 1  s h o w  t y p i c a l  v e l o c i t y  p r o f i l e  p l o t s  f o r  v a r i o u s  v a l u e s  
c f  Xp i . T h e y  r e p r e s e n t  a x i a l  d i s t a n c e s  c l o s e  t o  t h e  s u p p l y  
t u b e  a n d  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n .  T h e  t h e o r e t i c a l  
p l o t s  o f  t h e  F o w e r - L a w  m o d e l  a r e  a l s o  s h o w n  f o r  t h e  h i g h e s t  
c o n c e n t r a t i c n  o f  t h e  p o l y m e r  a n d  f o r  t h e  N e w t o n i a n  j e t .  
n u m e r i c a l  p r e d i c t i o n s  c f  t h e  p r e s e n t  s t u d y .  I t  c a n  b e  s e e n  
t h a t  t h e  P c w e r - I a w  v i s c o s i t y  m o d e l  p r e d i c t s  a f l a t t e r  j e t  
t h a n  t h a t  f o u n d  e x p e r i m e n t a l l y .
T h e  t h e o r e t i c a l  s o l u t i o n  t o  f u l l y  d e v e l o p e d  p i p e  f l o w  o f  
a P o w e r - S e r i e s  f l u i d  i s  g i v e n  i n  F i g u r e  5 . 2 2 .  A l s o  s h e w n  i n  
t h i s  f i g u r e  a r e  t h e  e x p e r i m e n t a l  v e l o c i t y  r e a d i n g s  a t  t h e
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l o c a t i o n  c l o s e s t  t o  t h e  t u b e  e x i t -  F i g u r e  5 . 2 3  a n d  F i g u r e  
5 . 2 9  s h o w  t y p i c a l  v e l o c i t y  p r o f i l e  p l o t s  f o r  v a r i o u s  v a l u e s
Y
o f  w .  T h e y  r e p r e s e n t  a x i a l  d i s t a n c e s  c l o s e  t o  t h e  s u p p l y  
t u b e  a n d  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n .  T h e  t h e o r e t i c a l  
p l o t s  o f  t h e  P o w e r - S e r i e s  m o d e l  a r e  a l s o  s t c w n  f o r  t h e  
p o l y m e r  s o l u t i o n  o f  t h e  h i g h e s t  c o n c e n t r a t i o n  a n d  f o r  t h e
N e w t o n i a n  j e t .  T h e s e  r e p r e s e n t  u p p e r  a n d  l o w e r  b o u n d s  f o r  
t h e  n u m e r i c a l  p r e d i c t i o n s  o f  t h e  p r e s e n t  s t u d y .  T h e  
E o w e r - S e r i e s  v i s c o s i t y  m o d e l  s e e m s  t o  p r e d i c t  a b e h a v i o r  
much c l o s e r  t o  t h e  b e h a v i o r  o f  a  N e w t o n i a n  j e t  t h a n  t h e  
P o w e r - L a w  m o d e l .  T h i s  b e h a v i o r  c a n  b e  e x p l a i n e d  d u e  t o  t h e  
f a c t  t h a t  a s  z e r o  s h e a r  r a t e  i s  a p p r o a c h e d  we f i n d  t h a t  t h e  
P o w e r - L a w  m o d e l  p r e d i c t s  a n  i n f i n i t e  v a l u e  f o r  t h e
v i s c o s i t y .  I n  a l l  o f  t h e  c a s e s  i t  c a n  b e  s e e n  f r o m  t h e
f i g u r e s  t h a t  t h e  s o l u t i o n  w i t h  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  
t h e  p o l y m e r  p o s s e s s e s  t h e  b l u n t e s t  p r o f i l e  c l o s e  t h e  t h e  
c e n t r e  l i n e  o f  t h e  j e t .
5 . 1 1  C e n t r e  L i n e  Ve l o c i t y  D e c a y
T h e  v a r i a t i o n  o f  t h e  c e n t r e  l i n e  v e l o c i t y  i s  g i v e n  i n
F i g u r e  5 - 2 5  a n d  F i g u r e  5 - 2 6 .  Th e  c e n t r e  l i n e  v e l o c i t y  i s  
n o n - d i m e n s i o n a l i z e d  w i t h  t h e  max i mum v e l o c i t y  i n  t h e  t u b e ,  
a n d  t h e  n o n d i m e n s i o n a l  d i s t a n c e  i s  g i v e n  i n  F i g u r e  5 . 2 5  a s  X ^  
a n d  a s  Xw i n  F i g u r e  5 . 2 6 .  F i g u r e  5 . 2 5  s h e w s  a
c o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  v e l o c i t y  d e c a y  w i t h  t h e
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F o w e r - L a w  m o d e l ,  w h i l e  F i g u r e  5 , 2 6  s h o w s  a  c o n p a r i s o n  w i t h
t h e  F o w e r - S e r i e s  m o d e l .
T h e  d a t a  p o i n t s  i n  F i g u r e  5 . 2 5  i n d i c a t e  a  l a r g e  d e g r e e  o f
s c a t t e r  i n  t h e  d a t a  e s p e c i a l l y  i n  t h e  d e v e l o p i n g  r e g i o n  o f
t h e  j e t .  a l s o  e v i d e n t  i s  t h e  p r e d i c t i o n  t h a t  t h e  v e l o c i t y
i s  g r e a t e r  j u s t  a f t e r  t h e  t u b e  e x i t  f o r  t h e  1000  ppm
c o n c e n t r a t i c n  s o l u t i o n .  I t  i s  s p e c u l a t e d  t h a t  t h e  maxi mum
t h e o r e t i c a l  t u b e  v e l o c i t y #  u i s  a c t u a l l y  l o v e r  t h a n  w h a t
mo
e x i s t s  i n  r e a l i t y  s i n c e  t h e  p r o f i l e s  a r e n ' t  a s  f l a t  a s  t h e  
E o v e r - L a w  t h e o r y  p r e d i c t s .  T h e r e f o r e  we a r e
n o n d i m e n s i o n a l i z i n g  b y  d i v i d i n g  b y  a  v e l o c i t y  t h a t  i s  
a c t u a l l y  l o w e r  t h a n  t h e  a c t u a l  maxi mum t u b e  v e l o c i t y .  T h e  
v e l o c i t y  s e e m s  t o  d e c a y  s l i g h t l y  m o r e  f o r  t h e  p s e u d c p l a s t i c  
f l u i d  t h a n  f o r  t h e  N e w t o n i a n  f l u i d  a s  s e e n  i n  F i g u r e  5 . 2 6 .  
Th e  P o w e r - L a w  m o d e l  p r e d i c t s  a s h a r p e r  d e c l i n e  t h a n  t h e  
E o w e r  S e r i e s  m o d e l .  W h i l e  b o t h  m o d e l s  s h o w  t h e  s a m e  t r e n d s  
t h e  E o w e r - S e r i e s  m o d e l  s e e m s  t o  c o m e  c l o s e r  t o  p r e d i c t i n g  
t h e  b e h a v i o r  o f  t h e  j e t  f l o w  p r o b l e m .
5 . 1 2  J e t  H a l f - B a d i u s
T h e  r a d i u s  a t  w h i c h  t h e  a x i a l  v e l o c i t y  i s  o n e  h a l f  t h e
c e n t r e  l i n e  v e l o c i t y  w a s  c o m p u t e d  w i t h  t h e  a i d  o f  a p r o g r a m
w r i t t e n  i n  T u r b o  P a s c a l  a n d  g i v e n  i n  A p p e n d i x  K- T h e
£
v a r i a t i o n  o f  t h e  h a l f  r a d i u s ,  -3 /2: w i t h  t h e
a
n o n d i m e n s i o n a l  d i s t a n c e  i s  s h o w n  i n  F i g u r e  5 , 2 7 ,  a n d  F i g u r e
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i n d i c a t i o n  o f  
b o t h  F i g u r e s  
r a d i u s  s p r e a d s
t h e  r a t e  o f  s p r e a  
t h e  e x p e r i m e n t a l  
a b o u t  a t  t h e  s a
d
d w i t h i n  t h e  j e  
d a t a  s u g g e s t s  
me r a t e  f o r  t h  
n i a n  j e t s ,  wh 
i c  j e t  s h o u l d  
j e t -  a r a t h  
I t  s e e m s  t h a t  
h a l f  r a d i u s ^  i s  
d e v e l o p e d  p i p e  
t h e  N e w t o n i a n  a n d
t .  As s e e n  i n  
t h a t  t h e  h a l f  
e  N e w t o n i a n  a s  
i ] e  t h e  t h e o r y  
s p r e a d  a t  a  
e r  i n t e r e s t i n g  
i n  t h e  r e g i o n  
s l i g h t l y  l e s s  
f l o w .  T h i s  
n o n - N e w t o n i  a n
f o r  t h e  p s e u d o p l a s t i c  n o n - N e w t o  
s u g g e s t s  t h a t  t h e  p s e u d o p l a s t  
g r e a t e r  r a t e  t h a n  t h e  N e w t o n i a n  
p h e n o m e n o n  o c c u r s  i n  t h e  j e t .  
c l o s e  t o  t h e  s u p p l y  t u b e  t h e  
t h a n  t h a t  f o u n d  f o r  f u l l y  
o c c u r r e n c e  wa s  f o u n d  i n  b o t h  
j e t s  -
5 . 1 3  J e t  De v e l o p i n g  l e n g t h
I t  i s  s i g n i f i c a n t l y  h a r d e r  t o  d e t e r m i n e  t h e  d i s t a n c e  t o  
t h e  f u l l y  d e v e l o p e d  r e g i o n  e x p e r i m e n t a l l y  t h a n  
t h e o r e t i c a l l y ,  d u e  t o  t h e  s c a t t e r  i n  t h e  d a t a .  From 
i n s p e c t i o n  t h e  f u l l y  d e v e l o p e d  r e g i o n  wa s  f o u n d  t o  b e  a t  
a p p r o x i m a t e l y  = o . o h .  T h i s  s e e m e d  t o  b e  v a l i d  f o r  a l l
f o u r  s o l u t i o n s  t e s t e d .  T h e  i n s p e c t i o n  p r o c e s s  wa s  
a c c o m p l i s h e d  by s u p e r i m p o s i n g  t h e  p r o f i l e s  t a k e n  a t  Xw =
0 . 0 3  w i t h  t h e  o t h e r  p r o f i l e s  u n t i l  t h e  p r o f i l e  s h a p e s  w e r e  
m a t c h e d .  T h e  n u m e r i c a l  e s t i m a t i o n  o f  t h e  v a r i a t i o n  o f  t h e  
j e t  d e v e l o p i n g  l e n g t h  i s  g i v e n  i n  F i g u r e  5 . 2 5 .  Th e  j e t  
d e v e l o p i n g  l e n g t h  f o r  a P c w e r - L a v .  f l u i d  h a s  b e e n  p r e v i o u s l y
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g i v e n  i n  F i g u r e  3 .  1 0 .  I t  c a n  b e  s e e n  f r o m  t h e s e  f i g u r e s  
t h a t  t h e  p o w e r - s e r i e s  m o d e l  p r e d i c t s  t h e  d e v e l o p i n g  l e n g t h  
c l o s e r  t o  t h e  N e w t o n i a n  m o d e l .
5 .  l b  Co n c l u s i o n s
L i s t e d  b e l o w  a r e  t h e  c c n c l u s i c n s  f o r  C h a p t e r  5 .
1.  L a s e r  D o p p l e r  A n e m o m e t e r  m e a s u r e n e n t s  w i t h  
n o n - N e w  t o n i a n  f l u i d s  a r e  m o r e  d e s i r a b l e  t h a n  m e t h o d s  
w h i c h  d i r e c t l y  c o me  i n  c o n t a c t  w i t h  t h e  f l u i d .
2- T h e  c e n t r e  l i n e  v e l o c i t y  d e c a y  i s  o n l y  s l i g h t l y
a f f e c t e d  by t h e  a d d i t i o n  o f  t h e  p o l y m e r  a c d i t i v e .
3 .  T h e  h a l f  w i d t h  o f  t h e  j e t  w a s  o n l y  s l i g h t l y  a f f e c t e d
by t h e  a d d i t i o n  c f  t h e  p o l y m e r  a d d i t i v e -  
b.  T h e  P o w e r - S e r i e s  v i s c o s i t y  m o d e l  f i t  t h e  r h e c l c g i c a l
d a t a  b e t t e r  t h a n  t h e  P o w e r - L a w  Mo d e l  e s p e c i a l l y  i n  t h e  
l o w  s h e a r  r a t e  r e g i c n -  
E. Wi t h  t h e  s o l u t i o n s  o f  h i g h  c o n c e n t r a t i o n  o f  S e p a r a n
AP 3 0 ,  i t  was  f o u n d  t h a t  t h e  v e l o c i t y  p r o f i l e  w a s  
s l i g h t l y  f l a t t e r  n e a r  t h e  c e n t r e  l i n e  o f  t h e  j e t  t h a n  
t h e  N e w t o n i a n  j e t .
6.  T h e  n u m e r i c a l  s o l u t i o n  o f  t h e  N o n - N e w t o n i a n  j e t  f l o w  
p r o b l e m  u s i n g  t h e  P o w e r - S e r i e s  m o d e l  s h e w s  r e s u l t s  
w h i c h  a r e  c l o s e r  t o  t h e  N e w t o n i a n  r e s u l t s  t h a n  t h e  
P o w e r - L a w  m o d e l .
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C h a p t e r  VI
SOMHARY OF CONCLUSIONS AND RECOMMENDAT IONS
6.  1 S u m m a r y  o f  C o n c l u s i o n s
T b e  c o n c l u s i o n s  o f  t h e  p r e v i o u s  t h r e e  c h a p t e r s  a r e  
s u m m a r i z e d  i n  t h i s  s e c t i o n -
A f i n i t e  d i f f e r e n c e  s o l u t i o n  c f  a n  a x i s y m r a e t r i c , l a m i n a r ,  
n o n - N e w t o n i a n  j e t  w i t h  a f u l l y  d e v e l o p e d  v e l c c i t y  p r o f i l e  
h a s  h e e n  o u t l i n e d  f o r  t wo  d i f f e r e n t  v i s c o s i t y  r r c d e l s ,  n a m e l y  
t h e  P o v e r - S e r i e s  a n d  t h e  P o w e r - L a w  .
T h e  f i n i t e  d i f f e r e n c e  j e t  p r c t l e m  wa s  s o l v e d  w i t h  b o t h  a n  
i n i t i a l l y  u n i f o r m  v e l c c i t y  p r o f i l e  a n d  a f u l l y  d e v e l o p e d  
p i p e  f l o w  p r o f i l e  w i t h  t h e  a f o r e m e n t i o n e d  v i s c o s i t y  m o d e l s -  
I t  w a s  n e c e s s a r y  t o  s o l v e  t h e  f u l l y  d e v e l o p e d  p i p e  f l o w  o f  a 
P o w e r - s e r i e s  m o d e l  s i n c e  t h e  s o l u t i o n  t o  s u c h  a c o m p l i c a t e d  
m o d e l  h a s  n o t  t e e n  a t t e m p t e d  i n  t h e  l i t e r a t u r e -  A f o u r t h  
o r d e r  Ru n g e  K u t t a  p r o c e d u r e  was  u s e d  i n  t h e  s o l u t i o n  c f  t h e  
f u l l y  d e v e l o p e d  p i p e  f l o w .
I t  wa s  f o u n d  t h a t  t h e  P o w e r - L a w  v i s c o s i t y  m o d e l  y i e l d e d  
r e s u l t s  t h a t  d e v i a t e d  much m o r e  t h a n  t h e  P o w e r - S e r i e s  m o d e l  
f r o m  N e w t o n i a n  b e h a v i o r .
T h e  r e s u l t s  i n  t h e  f u l l y  d e v e l o p e d  r e g i o n  s e e m  t o  b e  i n  
g o o d  a g r e e m e n t  w i t h  t h e  a v a i l a b l e  s i m i l a r i t y  s o l u t i o n s ,  f o r
-  63  -
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a P o w e r - L a w  f l u i d .  Th e  r e s u l t s  f o r  a  N e w t o n i a n  j e t  w i t h  an  
i n i t i a l l y  u n i f o r a  v e l c c i t y  p r o f i l e  w e r e  v e r i f i e d  w i t h  t h e  
e x p e r i m e n t a l  w o r k  o f  G r e e n e  ( 1 9 7 3 ) -  a n u m e r i c a l  s o l u t i o n  o f  
a j e t  o f  a  P o w e r - L a w  f l u i d  w i t h  T h e  v e l o c i t y  p r o f i l e s  i n  
t h e  f u l l y  d e v e l o p e d  r e g i o n  m a t c h  t h e
s i m i l a r i t y  s o l u t i o n s  o f  M i t w a l l y  ( 1 9 7 8 )  a n d  £ e r t h  ( 1 9 7 2 ) .  
E x p e r i m e n t a l l y  i t  w a s  f o u n d  t h a t  w h e n  u s i n g  t h e  R e y n o l d s  
n u m b e r  b a s e d  o n  t h e  v i s c o s i t y  a t  t h e  w a l l , a s  s u g g e s t e d  by 
Cho ( 1 9 9 2 ) ,  t h e  d a t a  s e e m e d  t o  b e  q u i t e  w e l l  c o r r e l a t e d -  
Khen  s t u d y i n g  t h e  v e l c c i t y  p r o f i l e s  i t  b e c a m e  e v i d e n t  t h a t  
t n e  h i g h e r  c o n c e n t r a t i o n  s o l u t i o n s  s e e m e d  t c  p o s s e s s  a 
v e l o c i t y  p r o f i l e  t h a t  w a s  f l a t t e r  n e a r  t h e  c e n t r e  l i n e  o f  
t h e  j e t .
6-_ 2 R e c o mm e n d a t i o n s
T h e  f o l l o w i n g  s u g g e s t i o n s  a r e  p r o v i d e d  t c  e x t e n d  a n d  
i m p r o v e  t h e  s t u d y .
1- A s t u d y  o f  d i f f e r e n t  n o n - N e w t o n i a n  f l u i d s  w i t h
a p p r o x i m a t e l y  t h e  s a m e  v i s c o s i t y  c u r v e s  s h o u l d  b e  
p e r f o r m e d  t o  s e e  t h e  e f f e c t  o f  t h e  s o l u t e  on t h e  
e x p e r i m e n t s .
2.  A n u m e r i c a l  a n d  e x p e r i m e n t a l  s t u d y  o f  t h e  f l o w  f i e l d
i n s i d e  t h e  s u p p l y  t u b e  n e a r  t h e  e x i t  r e g i o n  s h o u l d  b e  
u n d e r t a k e n  t o  d e t e r m i n e  a n y  a d j u s t m e n t s  t h a t  t a k e  
p l a c e  i n  t h e  f l o w  a s  t h e  f l u i d  e x i t s  f r o m  t h e  s u p p l y  
t u b e  i n t o  t h e  j e t  C h a m b e r -
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3 .  A s t u d y  o f  t h e  f l o w  f i e l d
s h o u l d  be u n d e r t a k e n .  A 
h a v e  t o  b e  i n c o r p o r a t e d  
t o  t h e  h i g h  v i s c o s i t y  t h a  
h.  T h e  p r e s s u r e  d i s t r i b u t i o n
t h e  e x i t  a n d  i n s i d e  t h e  j  
T h i s  c o u l d  p r o v e  t o  b e  g u  
many o f  t h e  n o n - N e w t o n i a n  
p r o p e r t i e s  w h i c h  make  
c o m p l i c a t e d  p r o c e d u r e -
5.  New t e c h n i q u e s  s u c h  a s  l a  
h o l o g r a p h i c  f l o w  m e a s u r e  
T h i s  w o u l d  g r e a t l y  s p e e d  
s i n c e  a v e l o c i t y  p r o f i l  
s i n g l e  e x p e r i m e n t .
6.  An e x p e r i m e n t a l  s t u d y  o f  
i n i t i a l l y  u n i f o r m  v e l  
u n d e r t a k e n .
6 5
f o r  h i g h l y  v i s c o e l a s t i c  j e t s  
p r e s s u r i z e d  f e e d  s y s t e m  w o u l d  
w i t h  t h i s  k i n d  c f  s e t - u p  d u e  
t  w i l l  b e  e n c o u n t e r e d .
i n s i d e  t h e  s u p p l y  t u b e  n e a r  
e t  c h a m b e r  s h o u l d  be  s t u d i e d ,  
i t e  a  d i f f i c u l t  p r o j e c t  s i n c e  
f l u i d s  p o s s e s s  v i s c o e l a s t i c  
s  p r e s s u r e  m e a s u r e m e n t  a
s e r  s p e c k l e  I n t e r f e r c m e t r y  o r  
m e n t s  s h o u l d  b e  e x p l o r e d  
t h e  r a t e  o f  d a t a  a c q u i s i t i o n  
e c o u l d  b e  o b t a i n e d  w i t h  a
n o n - N e w t o n i a n  j e t s  w i t h  a n  
c c i t y  p r o f i l e  s h o u l d  b e
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| 500 | 6 . 7  |
| 1000  
I
I 6 .  8 | 
I .. I
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T a b l 6 5 . 2 : V i s c o s i t y  R e a d i n g s  f o r  2 5 0  ppm He p a r a n  AP30
"* S o l u t i o n s
| S h e a r  R a t e  
| ( s e c - 1 5  
1
j V i s c o s i t y  |
I I 
I I
| B a a k e  V i s c o m e t e r  |
1
| 3 9 . 6  
| 4 9 . 6  
| 5 9 .  4 
| 6 9 . 3  
1 7 9 .  2 
| 9 9 .  1 
I
I i 
| 0 . 0 0 1 9  | 
| 0 . 0 0 1 9  |
| o . c o i e  |
| 0 . 0 0 1 9  | 
| 0 . 0 0 1 9  | 
| 0 . 0 0 1 9  | 
I I
I C a p i l l a r y V i s c o m e t e r  J
T
I 3 7 .  1
I i
l 0 . 0 0 2 0  )
| 4 6 . 7 l 0 . 0 0 1 9  |
| 6 1 - 5 J 0 . 0 0 1 8  |
| 1 C 9 . 9 | 0 . 0 0 1 8  }
j 1 4 5 . 2 | 0 . 0 0 1 7  j
| 1 9 4 . 6 l 0 . 0 0 1 7  |
| 2 6 3 . 3 | 0 . 0 0 1 7  |
| 3 6 0 . 5 | 0 . 0 0 1 7  1
| 5 0 0 . 6 | 0 . 0 0 1 6  1
| 7 0 5 . 1 | 0 . 0 0 1 5  |
| 1 0 0 5 . 1 | 0 . 0 0 1 5  |
| 1 4 4 4 . 5 | 0 . 0 0 1 4  |
| 2 0 7 9 .  1 l 0 . C 0 1 4  |
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T a b l e  5.3: V i s c o s i t y  R e a d i n g s  f o r  500 ppm E e p a r a n  AP30
S o l u t i o n s
| S h e a r  R a t e  | V i s c o s i t y I
| ( s e c - 1 1 | 
1 1
( P a * s ) I
I
j f l a a k e  Vi s c o m e t e r I
1 1 
I 4 . 5  1 0 . 0 0 5 3
i
I
I 5 . 4  1 0 . 0 0 5 3 I
I 6 . 3  1 0 - 0 0 5 3 i
I 7 . 2  1 0 . 0 0 5 4 I
I 8 - 1 I 0 . 0 0 5 3 I
| 9 . 0  I 0 . 0 0 5 3 I
I 1 9 . 8  I 0 . 0 0 5 5 I
I 2 9 . 7  I 0 . 0 0 5 0 I
I 3 9 .  6 I 0 - 0 0 4 7 I
I 4 9 . 5  I 0 . 0 0 4 5 I
I 5 9 - 4  | 0 . 0 0 4 4 I
| 6 9 . 3  I 0 . 0 0 4  1 I
I 8 9 .  1 I 0 . 0 0 4 0 I
| C a p i l l a r y V i s c o m e t e r I
1 1 
I 5 1 . 7  | 0 . 0 0 4 3
I
I
1 6 2 . 7  | 0 . 0 0 4 2 I
1 9 5 . 2  | 0 . 0 0 3 8 I
| 1 4 6 . 1  | 0 . 0 0 3 5 I
| 2 2 4 . 2  | 0 . 0 0 3 3 I
| 2 7 9 . 0  J 0 . 0 0 3 3 I
| 3 5 0 . 7  | 0 .  0 0 3 2 I
| 4 4 8 . 2  | 0 . 0 0 3 1 I
| 5 6 5 . 4  | 0 . 0 0 2 9 I
| 7 8 2 . 1  | 0 . 0 0 2 7 I
| 1 0 6 3 . 1  | 0 . 0 0 2 5 I
| 1 4 5 0 . 6  | 0 . 0 0 2 4 I
| 1 9 3 3 . 3  | 0 . 0 0 2 4 I
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T a b l e 5 . 4 : V i s c o s i t y  R e a d i n g s  f o r  1 0 0 0  ppm S e p a r a n  AP30
S o l u t i o n s
| S h e a r  R a t e  | 
| ( s e c - 1 )  | 
I , _____I
V i s c o s i t y  j 
( P a * s )  | 
_ I
| H a a k e  Vi s c o m e t e r  |
I I 
I <4.95 I
i
0 . 0 4 7 7  |
I 9 . 9  | 0 . 0 4 4 7  |
I 1 4 - 9  I 0 . 0 4 1 3  |
I 1 9 . 8  I 0 . C 3 8 3  I
| 2 4 - 3  I 0 .  0 3 6 3  I
| 2 9 . 7  I 0 . 0 3 4 3  |
I 3 4 . 7  | 0 . 0 3 2 5  |
| 3 9 .  6 I 0 . 0 3 1 5  j
| 4 7 . 5 2  I 0 .  0 2 9 9  |
j C a p i l l a r y V i s c o m e t e r  j
I I 
| 6 0 . 3  |
1
0 . 0 2 1 0  |
| 7 7 .  9 | 0 . 0 1 9 2  |
| 1 4 0 . 7  | 0 . 0 1 4 7  |
I 1 6 6 . 5  | 0 . 0 1 3 8  |
| 1 5 9 . 9  | 0 . 0 1 2 9  |
| 2 3 9 . 8  1 0 . 0 1 1 9  |
| 2 9 2 . 5  | 0 . 0 1 1 0  |
| 3 6 1 . 1  | 0 . 0 1 0 3  |
| 4 5 1 . 9  | 0 . 0 0 9 5  |
| 5 7 3 . 1  j 0 . C 0 8 8  |
| 7 3 9 . 4  | 0 . 0 0 7 9  }
| 8 0 5 - 2  | 0 . C 0 7 C  |
| 5 9 1 . 9  | 0 . 0 0 6 2  |
l 1 5 4 5 .  1 | 0 - C 0 4 8  |
| 1 5 9 9 . 7  | 0 . 0 0 4 6  |
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T a b l e  5 . 5 : V i s c o s i t y  Mo d e l  C o n s t a n t s
| V i s c o s i t y  
j C o n s t a n t s
| 1000  ppm |
I I
50C ppm | 2 5 0  p p n  | 0 ppm | 
1 1 1
I
I
I
P o w e r - S e r i e s  V i s c o s i t y  Mo d e l  I
j C1 
1
( P a * s ) | 4 . 9 3 E - 2  J 
| 1
4 . 9 7 E - 3  | 1 . 8 6 E - 2  I 1 - 0 0 E - 3  | 
1 1 11
I C2
I
( P a * s 2
1 1 
) | - 5 . 8 6 E - 4  |
I I
1 1 1 
- 6 .  6SE- 6  | - 7 . 0 E - 7  | | 
1 1 11
I C3
I
; P a * s 3
I 1 
) | 3 .  4 3 34 E- 6 |
I I
1 I i 
5 . 7 7 E - 9  | 3 . 9 2 E - 1 0  | I
I 1 t1
} C 4 
«
' P a * s *
1 I 
) J - 1 . 0 0 E - 3  | 
| 1
i 1 • 
- 1 . 5 7 E - 1 2  | - 8 . 3 9 E - 1 4 | 1
■ j |1
| C5
t
{ P a * s s ) | 1 . 4 9 E - 1 1  |
I 1 1 1 1i i 1J
1 C 6 
■
r p a * s 6 ) | - 1 . 1 2 E - 1 4  |
1 I
1 i 1
1 1 1 
i i 11
1 C7 1
( P a * s 7 ) | 3 . 5 7 E - 1 8  |
I 1
1 1 1
1 1 1 i i t1
1 C3 
■
j P a * s B
1 1 
) 1 0 . 0  | 
I •
1 i 1
1 1 i 1 1 11
| C9 
1
( P a * s 9
1 1 
) | -  1 . 5 8 E - 2 5  I
I i
J 1 1 
1 1 i 
i 1 1
1
1
I
| E o w e r -
1
l a w  V i s c o s i t y  E o d e l  1
1
1 K ■
n
' P a * s  )
I I 
| 1 . 1 3 E - 1  | 
1 •
1 1 1 
3 . 1 E - 3  | 2 . 3 E- 3  I 1 . Q E - 3  |
i I I 
0 . 3 4  j 0 . 9 1  | 1 . 0 0  |
I I I
1
1 n 
1 iII1il1
in 
i 1
O 
| 1!i
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T a b l e  5 . 6 ;  H a l f  R a d i u s  a n d  Maximum V e l o c i t y  V a l u e  
T u b e  F l ow
I
| V i s c o s i t y F l u i d rm/2 I u I
| Mode l Co n e . -----  (
I (ppm) 0 I 
1
Umo j 
11
1 0 0 . 3 5 4  | 2 . C  |
| P o w e r - L a w 250 0 - 3 5 9  | 1 .  55 |
1 500 0-  364 | 1 - 5 1  |
1 1000 0 . 3 8 7  J 1 . 74 | 
I
1
1 0
1
0 . 3 5 4  |
I
2 -  C |
| P o w e r - 250 0 . 3 5 8  | 1 . 57 |
l S e r i e s 5C0 0 . 3 6 2  1 1- 53 |
1
1
1000 0-  3 6 5  i 
_  _____ I
1 -  £0 | 
I
* R o t e  t h e  P c w e r - S e r i e s  a n d  t h e  P o w e r - L a w  
v i s c o s i t y  mo d e l  c o n s t a n t s  a r e  g i v e n  
i n  T a b l e  5 . 5 .
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A p p e n d i x  A 
EQUIPMENT TABLE
-  1 2 6  -
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1 2 7
Ta b l e  A . 1 : E x p e r i m e n t a l  E q u i p m e n t
| No .  
I
E g u i p m e n t  | 
1
Mode l  Nc. | Ra nge S u p p l i e r  |
| 1 5 raw L a s e r  | 256 | 6 3 2 . 3  nm S p e c t r a  P . |
1
1 2 I
1
F r o n t  L e n s e  j
|
55X51 j 1 6 0 m m D i s a  J
1
1 4
1
Beam Ex p -  | 55X12 | 1.  9 3 7 5 ii |
1
1 5 1
I
C o v e r - R e t a r d e r  1
|
55X21 1 1 / 4  wave it |
1
1 6 I
1
Beam S p l i t t e r  | 55X24 ii |
1
| 7 
1
1
Beam E i s p l a c e r  | 55X28 | 30  mm U 1
I
1 8 a
1
Beam T r a n s l a t o r ! 55X32 1 39  mm ii |
1
1 9 1
1
EM C p t i c s  |
i
55X34 j 150  mm l e n s e it |
1
1 i o  (
1
M o u n t i n g  B e n c h  |
i
55X42 1 ------------------ ii |
1
1 1 1
]
T r i p o d  1 55X43 j ------------------ ii |
1
1 12 *
1
F r e q .  S h i f t e r  | 55N10 | 0 - 9  Mhz. ii |
1
1 13 |
1
C o u n t e r  F r o c .  |
|
5 5 1 SOa j ------------------ it |
1
1 1^
I
O s c i l l o s c o p e  | 6 5 6 0 1 j ------------------ M e t e r M a s t e r |
1
1 15 1
1
I n t e r f a c e  | U o f  W j ------------------ T s u i  j
1
| 16 
I
1
C o m p u t e r  | T 10 CO j ------------------ T a n d y  |
1
1 17 1
1
Pan B a l a n c e  | 9 2 4 9 ) + 0 . 0 0 3  k g O h a u s  |
1
1 19 1
1
R o t a m e t e r  J
■
E314 | 1 5 E - 3  k g / s R o g e r  G i l .  |
1
1 19 1
1
S t o p w a t c h  | IFO | +0 . 0 1  s e c . S a r g e n t  j
1 20
1
V i s c c m e t e r  | BV100 l + 0 . 0 2 * f u l l  s c 1 H a a k e  L t d . |
1
1 21 1
!
B u r e t t  | 9 4 6 8 | 50  m l . G o u l d  |
1
| 22
1
C a p i l l a r y  T u b e  | 0 o f  B 1 d = 1. 4  2 mm U o f  W I
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a p p e n d i x  B 
UNCERTAINTY ANALYSIS
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U n c e r ta in ty  A n a ly s is  
The u n c e r t a in ty  a n a ly s i s  w ith  20 t o  1 odds i s  ta k e n  from  
K lin e  and M cC lintock (1 9 5 3 ). The fo rm a t w hich w i l l  be u sed  f o r  
t h e  v a r i a b l e  A, and  an  e s t im a te  o f  th e  u n c e r t a in ty ,  wA i s  g iv en  
a s ;
A+ W,— A
G iven t h a t  any  r e s u l t  R i s  a  f u n c t io n  o f  n in d e p en d e n t 
v a r i a b l e s
R = R ( v l ,v 2 ,v 3 ,v 4  v n ) .
' The r e l a t i o n  betw een  th e  u n c e r t a in ty  w hich g iv e s  th e  same 
odds f o r  each  o f  th e  v a r i a b l e s  and f o r  th e  r e s u l t  i s  :
WR= [ <Dv l (R) wv l ) 2+ . . . . + (Dv n (R) wyn) 2 I 1/ 2 
w here th e  p a r t i a l  d i f f e r e n t i a l  o p e r a to r  i s  d e f in e d  a s
The u n c e r t a in ty  in  th e  fo llo w in g  q u a n t i t i e s  a r e  e s t im a te d .  
•
C ,  u ,  m, f* /o / R e„ , Re . ,  Re„ . X, X .  X , ,  Xmo' '  ' •  m /2 '  'a p p  w ' p i '  g e n ' '  w' p i '  gen
The n u m e ric a l d a ta  u sed  i n  th e  fo l lo w in g  exam ple i s  f o r  
e x p e rim e n t number 30.
1 . V e lo c i ty  u ^
“ W A
U|ra s i n  6/ 2
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X = 6 3 2 . 8  + 0 nm
© = 0 . 2 9 4  + 0 . 0 1  r a d .
f ' d = 4 5 , 8 0 0  + 30  kHz
f  = 7 0 0 , 0 0 0  + 30  kHzs  —
T h e  f r e q u e n c y  w o r d  i s  c o m p o s e d  o f  t w o  p a r t s  t h e  m a n t i s s a  a n d
t h e  e x p o n e n t .  T h e  e r r o r  i n  t h e  f r e q u e n c y  a s s u m e s  t h a t  a n  e r r o r
o c c u r s  i n  t h e  l e a s t  s i g n i f i c a n t  b i t  i n  b o t h  t h e  m a n t i s s a  a n d  t h e  
e x p o n e n t .
WU ■ 1 tDe ( u me> V 2 + ( D f s t u mo» w f s > 2 
mo . 2  , 1 / 2
+ fDf a (uno) " f ' d 1 1
w h i c h  g i v e s
u = 8 5 0  + 0 . 2  m m /s ( +  0 . 0 2  % )mo — ~
«
2 .  M ass f l o w r a t e ,  m 
m f c  -  me
m =
t
m f c = m a s s  o f  f l u i d  a n d  c o n t a i n e r  = 0 . 7 7 7  + 0 . 0 0 5  k g .  
m c= m ass  o f  c o n t a i n e r = 0 . 1 1 6  + 0 . 0 0 5  k g .  
t = c o l l e c t i o n  t i m e =  4 5 . 1  + 0 . 3  s e c .
wm~ 1 ' “ m f c 1"1’ wm f c >2 + wm c ) 2
+ ( D t (m) wfc) 2 ] I / 2
y i e l d s
m = 0 . 0 1 4 7  + 0 . 0 0 0 2  k g / s  ( + 1 . 4  % )
3 .  N o n d i m e n s i o n a l  H a lf  r a d i u s ,  R
m/ 2
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r  -  W 2 
-  d
r m / 2  ** 2 . 2 8  + 0 . 1 5  mm ( 0 . 1 5  mm r e p r e s e n t s  h a l f  o f  t h e
s m a l l e s t  s t e p s i z e  t h a t  t h e  t r a v e r s e  m e c h a n i s m  w a s  m oved  i n )  
d = 6 . 0 5  + 0 . 0 5  mm
X / 2  = [ (Drra/2 “V 2’ " v /  + <Da (V 2 > wd>2 ) 1 / 2
y i e l d s
Rm /2  = 0 , 3 8  -  0 , 0 3  8% *
4 .  A v e r a g e  v e l o c i t y ,  u 
4 m
u =
m = 0 . 0 1 4 7  + 0 . 0 0 0 2  k g / s  
Q = 1000  + 1 k g / m 3 
d = 6 . 0 5  + 0 . 5  mm
w0 -  [ ( D? (U)  we ) 2 + (Dd ( u )  wd ) 2 + ( D ^ u )  w j 2 ] 1 / 2  
y i e l d s
u = 510  + 11  m m /s ( + 2% )
5 .  A p p a r e n t  v i s c o s i t y ,  77-
^ r lr
T h e  u n c e r t a i n t y  i n  t h e  v i s c o s i t y  o f  t h e  5 0 0  ppm s o l u t i o n  i s  
g i v e n  w i t h  t h e  f o l l o w i n g  c o n d i t i o n s .
7 = 99 + 1 s e c -1- 
7 =  0 . 3 9  + 0 . 0 3  Pa
^ a p p  =
f y p p  ■ [ ( D r (7W  ”t )2 + ( D - i (7?a p p >  ^
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y i e l d s
^ a p p  = 0 . 0 0 4 0  + 0 . 0 0 0 3  P a  s  ( +  8 % )
6 . R e y n o l d s  n u m b e r  R e w 
Q u d
R e w  =
W V'w
d = 6 . 0 5  + 0 . 0 5  mm
u = 5 1 0  + 1 1  m m /s
e  = 1000  + 1 k g / m 3
V„  = 0 . 0 0 2 6  +  0 . 0 0 0 3  Pa  s  w —
wRe w -  t (De (Rew> V 2 + (Du (Rew-) V 2
+ (Dd ( R e w> wd >2 + w7?w>2 ) V 2
y i e l d s
Re = 1 2 0 0  + 1 0 0  ( + 8% ) w — —
7 . P o w e r - L a w  R e y n o l d s  n u m b e r ,  R e p ^ 
e  u 2 - n d n 8 n n
Re =-- ------------------- -------------
p  K ( 6 n + 2 )
d = 6 . 0 5  + 0 . 0 5  mm 
u = 5 1 0  + 11  m m / s  
^ = 1 0 0 0  + 1 k g / m 3 
n = 0 . 8 4  + 0 . 0 2  
K = 0 . 0 0 8 0  + 6E - 6
wR e p l  -  [ ( D d ( R e p l ’ wd > 2 +  ( D u ( R e p l ) wu ) 2
+ < V B“ p l »  w e > 2 +  ‘ V ^ p l ’ WK ) 2  + ( V R e p l  wn > 2
y i e l d s
R e p l  = 1 1 0 0  + 1 0 0  ( + 9 % )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 . G e n e r a l i z e d  R e y n o l d s  n u m b e r ,  Re g e n
e  u 2 - " a n 
R eg e n  "
d = 6 . 0 5  + 0 . 0 5  mm 
u = 5 1 0  + 11  m m /s 
£ = 1000  + 1 k g / m 3 
n = 0 . 8 4  + 0 . 0 2  
K = 0 . 0 0 8 0  + 6E- 6
" Reg en  = ‘ wd > 2 + ‘ “ u ' ^ g e n '  wu > 2
+ ( D e ( R e g e n >  ^  + (DK ( R s g e n >  WK>2 + <Dn ( R e g e n  wn> 
y i e l d s
Re g e n  = 800  ±  70  ( ±  9 % )
9 .  N o n d i m e n s i o n a l  D is ta n c e , X
X = x / d
x = 1 2 7  + 0 . 1  mm 
d = 6 . 0 5  + 0 . 0 5  mm
WX = [ (DX (X) wx )2  + (Dd ( x )  wd ) 2  ] 1 / 2  
y i e l d s
X = 1 2 7 . 0  + 0 . 2  ( +  0 . 2  % )
1 0 .  N o n d i m e n s i o n a l  D i s t a n c e ,  Xw 
x
Xw =
a  R e w
x = 1 2 7 .0  + 0 .1  mm 
d = 6 . 0 5  + 0 . 0 5  mm
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Re = 1 2 0 0  + 100  w —
wxw = [ < W  wx > 2 +  ' “ a 1* * 1 V 2
+ < DR e w ( x w> wR ew >2 ] 1 / 2  
y i e l d s
Xw = 0 . 0 1 8  + 0 . 0 0 1  ( +  6 % )
1 1 .  N o n d i m e n s i o n a l  D i s t a n c e . X _ .
' P i
xp i
d R eP i
x = 1 2 7 . 0  + 0 . 1  mm
d = 6 . 0 5  + 0 . 5  mm
Re - = 1 1 0 0  + 100  p i  -
wX n l  ■ '  (Dx ( x p l >  wx >2 + t Dd ( x p l >  V
+ ‘ » R .  <XP1> »R.  >2 ^1 / 2P i  P ^ P l -
y i e l d s
Xp l = 0 . 0 1 9  + 0 . 0 0 1  ( +  5 % )
1 2 .  N o n d i m e n s i o n a l  D i s t a n c e . X __' g e n
X.
9 6 0  ' d * e a . ng e
x = 1 2 7 . 0  + 0 . 1  mm 
d = 6 . 0 5  + 0 . 5  mm
% e n  = 800  i  70 
% e n  = 1 '"■‘ ' V n 1 wx > 2 + (Dd (Xgen >  wd>
+ ‘ DRV n <X- n > V  >2 ’1/2yen gen
y i e l d s
X g e n =  0 . 0 2 6  +  0 . 0 0 2  ( +  8  % )
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A p p e n d i x  C 
EXPEBIHENTAL DATA F OR 0 PPM SOLUTIONS
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1 36
T a b l e  C . 1: Ex p e r i m  en t #1
xp l = 1 . 3 E - 3 x«
= 1 . 3 E - 3
Rep l
= 1600 Rew = 1 600
x / d = 2 .  1 cm/ 2 = 1 . 9 3 mm
•
m = 7 . 6 E - 3 ( k g / s ) u = 2 6 5 (mm/s)
I z  (mm) |
I I
u (mi r / s )  | 
1
I 9 I 9 . 1 6 E + 0 0  J
I 4 - 6  | 7 . 8 3 E + 0 C  J
I 4 .  4 | 6 . 9 2 E + 0 0  |
I 4 .  1 | 5 - 7 9 E + 0 0  J
I 3 . 3  | 7 . 7 4 E + 0 0  |
I 3 .  5 | 5 . 4 C E + 0 C  |
I 3 .  5 | 6 . C 9 E + 0 0  |
I 3 . 3  ) 9 - 5 7 E + 0 C  |
I 3 . 0  | 2 . 4 4 E + 0 1  |
I 2 . 7  | 5 . 1 5 E + 0 1  |
I 2 . 4  | 9 . 0 4 E + 0 1  |
I 2 .  1 | 1 . 6 2 E + 0 2  |
I 1 . 9  1 2 . 1 7 E + 0 2  J
1 1- 6  | 3 . 0 3 E + 0 2  |
I 1 . 3  I 3 . 7 5 E + 0 2  |
1 1 - 0  | 4 . 1 8 E + 0 2  |
I 0 . 3  | 4 . 5 4 E + 0 2  |
I 0 .  5 | 4 . 8 5 E + 0 2  |
I 0 . 3  I 5 . 0 1 E + 0 2  |
I 0 . 0  | 5 - 1 2 E + 0 2  |
I - 0 . 3  I 5 . 0 9 E + 0 2  |
I “ 0 . 7  | 4 . 7 5 E + 0 2  |
I - 1 . 3  | 3 . 9 1 E + 0 2  |
I - 1 . 6  | 3 . 4 7 E + 0 2  |
I - 1 . 9  | 2 . 9 1E+02 |
I - 2 . 1 I 2 . 1 2 E + 0 2  |
I - 2 . 4  | 1 - 6 7 E + 0 2  |
I - 2 . 7  | 8 . 9 9 E + 0 1  |
1 - 3 . 0  | 5 . Q 6 E + 0 1  |
1 - 3 . 2  I 2 . 4 6 E  + 01 )
1 - 3 . 5  I 1 . 0 7  E + 0 1 |
1 - 3 . 3  | 6 . 8 3 E + 0 0  |
1 - 4 . 0  | 5 .  48 E+0 C |
] - 4 . 3  | 4 . 5 6 E + 0 0  |
1 - 4 . 6  | 3 . 2 9 E + 0 C  j
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T a b l e  C . 2 :  E x p e r i m e n t  #2
Xp l  = 1 . 9 E - 3  Xw = 1 . 9 E - 3
Rep l  = 1 100 Rew = 1 100
x /d  = 2 . 1  rm/2 = 1 *93  mm
m = 5 . 0 E - 3  [ k g / s )  u = 1 7 4  (mm/s)
1 z Jram) | 
1 i
u {mir / s)  | 
I
1 5 .  2 I 4 . 5 7 E  + 00 |
1 4 . 6  | 5 . 2 C E + 0 0  J
1 4 . 4  | 7 . 5 6 E + 0 0  |
1 4 .  1 | 6 - C 1 E + 0 0  |
1 3 .  9 | 5 . 3 4  E + 00 |
1 3-  6 | 5 - 3 9 E + 0 0  J
1 3 . 3  } 9 . C 4 E + 0 0  |
1 3 - 0  | 2 . 2 0 E + 0 1  |
1 2 . 7 | 4 . 2 3  E + 0 1 |
1 2 .  5 | 6 . 4 7 E + 0 1  J
1 2 . 4  | 7 . 1 6 E + 0 1  |
1 2 . 2  | 1 . 1 6 E + 0 2  |
1 1 . 9  | 1 . 6 7 E + 0 2  )
1 1 - 6  | 2 - COE + 02 |
1 1 - 4  | 2 . 3 9 E + 0 2  |
I 1- 1 I 2 . 6 6 E + 0 2  |
I 0 - 3  j 2 . 9 3 E + 0 2  |
I 0 - 5  | 3 - 3 2 E + 0 2  |
I 0 . 0  | 3 . 4 2 E + 0 2  |
I ” 9* 5 I 3 - 3 1 E + 0 2  1
I - 0 . 7  | 3 . 2 3  E + 02 |
I - 1- 1  I 2 - S 1E + 02  J
I - 1 . 4  | 2 . 6 6 E + 0 2  j
I - 1 - 6  | 2 - 2 2 E + 0 2  |
I - 1 . 9  | 1 . 7 5 E + 0 2  |
I - 2 . 2  | 1 - 3 9 E  + 02 |
I - 2 . 4  I 3 . 6 7 E + 0 1  |
I - 2 . 7  | 7 . 2 0 E + 0 1  |
I - 2 - 9  ) 4 - 3 7 E + 0 1  1
I - 3 . 3  | 2 .  17E+01 |
I " 3 - 5  | 1 - 3 2 E + 0 1  |
I - 4 .  1 ) 6 . 5 1 E +00 |
I " 4 - 4  ) 4 - 5 3 E  + 00 |
I - 5 . 2  | 3 .  11E + 00 |
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T a b l e  c 3:  E x p e r i m e n t  #3
X , = 4 . 5 E - 3  
P i
R e .  = 10 00 
P i
X/d = 4 - 2  
m = 4 - 4 E - 3 ( k g / s )
Xw
Rew
r m/ 2
"u
= 4 . 5 E-  
= 1000  
= 1 - 9 3  
= 1 54
3
mm
(mm/s)
1 z  (mm) 1 u ( mm/ s ) I z  (mm) | u (mm/s)
1 B.  0 1 5 . 7 5 E + 0 0 I - 1 . 7 } 1 . 9 4 E + 0 2
1 7 . 7  | 1 . 0 0 E + 0 1 I - 2 .  0 | 1 . 4 6 E + 0 2
) 7 . 4  | 5 . 7 5 E + 0 0 I - 2 .  3 | 1 . 0 5 E + 0 2
1 7 - 1  | 1 . 0 0 E + 0 1 I - 2 .  6 | 7 - 4 7 E + 0 1
] 6 . 3  | 1 . 0 0 E + 0 1 I - 2 . 9 J 5 . 4 4 E + 0 1
I 6 - 5  | 5 . 7 5 E + 0 0 j - 3 .  2 | 2 . 8 7 E + 0 1
I 6 . 2  | 1 . 0 0 E + 0 1 I - 3 .  5 | 2 . 1 2 E + 0 1
I 5 - 9  I 1- 1 1E+01 I - 3 .  e | 1 - 0 0 E+ 0 1
I 5 . 6  | 1 . 00E+0 1 1 - 4 -  2 | 1 - 0 0 E  + 01
I 5 . 2  | 5 . 7 5 E + 0 0 - 4 .  4 j 5 . 7 5 E + 0 0
I 4 . 9  | 5 - 7 5 E + 0 0 1 - 4 .  7 | 5 - 7 5 E + 0 0
I 4 . 6  | 5 . 7 5 E + 0 0 1 - 5 .  0 | 5 . 7 5 E + 0 0
I 4 - 3  | 1 . 00E+0 1 1 - 5 .  2 J 5 - 7 5 E + 0 0
I 4 . 0  | 5 . 7 5 E + 0 0 1 - 5 .  6 | 5 . 7 5 E + 0 0
I 3 - 8  | 5 . 7 5 E + 0 0 1 - 5 .  9 j 5 . 7 5 E + 0 0
I 3 . 4  | 1.  00E+0 1 1 —
I 3 .  1 | 2-  15E+01 1
I 2 . 9  | 3 . 3 6 E + 0 1 1
I 2 - 5  | 6 . 0 3 E + 0 1 1
I 2 . 2  | 9 .  1 7 E + 0 1 1
I 1 - 9  J 1 . 2 9 E + 0 2 1
I 1 . 6  | 1 . 7 9 E + 0 2 1
I 1 - 3  | 2 -  1 4E+02 1
I i . o  1 2.  4 4 E + 0 2 1
1 0 . 7  1 2 . 7 C E + 0 2 1
1 0 . 4  | 2 . 9 5 E+ 0 2 1
1 0 . 1  I 2 . 9 3 E + 0 2 1
I 0 . 0  | 2 . 9 5  E +0 2 1
1 - 0 . 1  | 2 . 9 4 E + 0 2 1
I “ 0 . 4  | 2 . 9 7 E+ 0 2 1
I - 0 . 7  | 2 . 7 4 E + 0 2 1
I - i . o  1 2 . 4 4E *02 1
1 - 1 - 3  | 2 . 2  IE +02 1
1 - 1 . 7  | 1 . 3 5 E + 0 2 1
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T a b l e C. 4:  E x p e r i m e n t  #4
" p i
RePi
x /d
m
= 9 . 8 E - 3
= 1100
v = 9 . 8 E - 3w
Re = 1 1 0 0
w
= 1 0 . 5  
= 5-  1 E - 3 ( k g / s )
r  = 1 - 9 4  
m/ 2
u = 1 7 6
mm
(mm/s)
z (mm) | u (mm/s) 1 z (mm) j u (mm/s) I
6 . 7  I 5 . 7 1 E + 0 0 1 - 3 . 4 1 3 . 3 U E  + 01 I
6 - 4  I 5 - 4 9 E + 0 C 1 - 3 . 7 I 2 - 4 1 E  + 01 I
6 . 1  \ 5 . 3 3 E + Q 0 1 - 3 . 9 | 1 . 3 5 E + 0 1 I
5 - 9  I 4 . 7 8 E + C 0 j - 4 - 2 J 1 . 2 6 E + 0 1 I
5 . 9  I 4 . 35E + 0C I -  4-  8 1 6 . 2 1E+00 I
5 . 6  | 4 - 67E+0C 1 - 5 . 4 J 3 . 7  t)E + 0 C I
5 . 3  | 5.  56E + 0C I -  5 . 9 | 4 . 3 2 E + 0 0 I
5 .  1 | 9 . 0 2 E + 0 0 1 - 6 . 5 1 3 - 5 S E  + 00 I
4 . 3  | 9 . 3 3 E + 0 0 I -  7 . 0 | 5 . 7 1 E + 0 0 I
4 . 5  | 1 .  12E + 0 1 I -  7 . 4 | 2 . 7 6 E + 0 0 I
i t  ^  i 1 . 7 9 E + 0 14 . 2  j 1------------------------
3 . 9  J 2 . 2 2 E  + 0 1 1
3 . 7  | 2 . 26E + 0 1 1
3 . 4  1 3 . 3  1E + 0 1 1
3 . 1  | 5 - 03E + 0 1 1
2 . 3  | 7 . 4 0 E + 0 1 1
2 - 5  | 9 - 40E + 0 1 1
2 . 3  I 1 . 2 4 E + 0 2 1
2 - 0  | 1 - 56E+C2 I
1 - 7  ) 1 . 9 0 E+ 0 2 1
1 . 5  | 2-  16E + C2 1
1 . 2  | 2 . 5 2 E + 0 2 1
0 - 9  I 2 . 8 3 E+ 0 2 1
0 . 6  | 3 . C 5 E + 0 2 1
0 - 4  | 3 -  19E + 02 1
0 . 1  I 3 . 2 7 E + 0 2 1
0 . 0  | 3 - 2 8 E + 0 2 1
- 0 . 4  | 3 . 2 0 E+0 2 1
-  0 . 6  | 3 . C7E+02 1
-  0 . 9  | 2 . 9 2 E+ 0 2 1
- 1 . 2  | 2 . 4 6 E+ 0 2 1
-  1 . 5  | 2 .  13E + 02 1
-  1 . 3  | 1 - 7 3 E  + 02 1
- 2 . 0  | 1 . 4  1E + 02 1
- 2 . 3  | 9 . 9 1 E  + 0 1 1
- 2 . 6  | 7 .  13E + 0 1 1
-  2 . 9  | 5 . 3 6 E + 0 1 1
-  3 . 0  | 4 . 83E + 0 1 1
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Ta b l e  c . 5 : E x p e r i m e n t  #5
xp i
Rep i
x /d
m
= 2 . OE-2 
=  1 1 0 0  
=  2 1 . 0  
= 5 . OE-3
I z  'mm) j
w
He.w
'm/ 2
( k g / s ) u
= 2 . OE-2 
=  1 100 
= 2 . 1  mm 
= 1 7 4  (mm/s)
u (mm/s) I z  (mm) J u (mm/s)
8 . 5  j 4 . 4 6 E + 0 0 1 - 3 . 2 6  | 6 . 8 5 E + 0 1
7 .  9 | 4 . 9 6 E+00 1 - 3 . 5 4  J 5 . 5 2 E + 0 1
7 .  4 J 5 .  16E+00 | - 3 . 8 1  | 4 . 4 2 E + 0 1
6 .  9 | 5 . 7 4 E + 0 0 I - 4 . 0 6  j 2 . 7 0 E + 0 1
6 - 3 | 5 . 7 8 E+ 0 0 I - 4 . 3 3  | 2 . 6 5 E + 0 1
6 .  0 | 7 .  1 5E+00 j - 4 . 6 6  | 2 . 7 0 E + 0 1
5 . 7  I 7 . 2 2 E + 0 0 I - 5 . 1 6  | 1 . 92E+0 1
5 . 5  | 9 . 6 6 E + 0 0 1 - 5 . 7 3  | 1. 1 1E+0 1
5 . 2  1 9 . 1 7 E+00 ! - 6 . 2 9  | 5 . 9 5 E+0 0
4 .  9 | 1 . 7 6 E+01 I - 6 . 7 8  | 4 .  10E+00
4 . 7  | 1 . 39E+01 I - 7 . 3 5  | 4 . 7 6 E + 0 0
4 . 4  | 3 . 2 2 E+01 I - 8 . 4 8  | 4 .  1 1E + 00
4.  1 I 2 . 5 9 E + 0 1 1------------------------
3.  9 | 3 . 2 0 E  + 0 1 1
3 .  9 | 4 . 0 9 E + 0 1 1
3 . 5  | 3 . 4 1 E + 0 1 1
3 .  3 | 6 .  16E+01 )
3 .  0 | 8.  16E + 0 1 1
2 . 7  | 9 . 3 2 E + 0 1 1
2 .  4 | 1 . 2 5 E + 0 2 1
2 .  2 | 1 . 5 0 E + 0 2 1
. 1 - 9  I 1 . 7 1 E + 0 2 1
1 . 7  | 1.  9 6 E + 0 2 1
1.  4 | 2 . 2 5 E + 0 2 1
1 . 1 I 2 . 4 7  E +02 1
0 . 5  | 2 . 8 5 E + 0 2 1
0 . 3  | 2 . 9 0 E + 0 2 1
0 . 0  | 2 . 9 7 E + 0 2 1
- 0 . 2  | 2 . 9 1E+02 1
- 0 .  4 | 2 . 8 4 E+ 0 2 1
- 0 . 7  | 2 . 5 9 E + 0 2 1
- 1 . 0  | 2 . 3 4 E + 0 2 1
- 1 . 3  | 2 . 0 8 E + 0 2 1
- 1. 5  I 1- 8 7 E + 0 2 1
- 1 . 8  | 1 . 5 6 E + 0 2
- 2.  1 | 1 - 2 4 E + 0 2 1
- 2 .  4 | 1 . 0 7 E + 0 2 1
- 2 . 7  | 1 . 0 2 E + 0 2 1
- 3 . 0  ( 7 . 0 7 E + 0 1 I
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T a b le  C « 6 : Ex p e r i m e n t #6
p i = 4 . OE-3 Xw = 4 . 0 E - 3
Rep l = 5 0 0 Rew = 500
x /d = 2 .  1 rm/2 = 1 . 9 3 mm
ITl = 2 . 5 E - 3 ( k g / s ) u = 87 (tnra/s)
j z (mm) | U ( m u / s )  |
I 5 . 3  j 5 . 7 6 E + 0 0  l
J 5 . 0  | 5 . 6 5 E + 0 0  |
I 4 . 7  | 4 . 9 9 E + 0 0  I
) 4 . 5  | 4 . 2 3 E + 0 0  |
i 4 . 2  | 5 - 3 1 E + 0 0  |
I 4 . 0  | 5 . 4 7 E + 0 0  I
I 3 . 6  | S . 5 5 E + 0 0  l
I 3 . 6  | 6 . 5 0 E + 0 0  I
I 3 - 3  | 8 . 8 1 E + 0 0  |
I 3 . 1 | 1 . 7 1 E + 0 1  |
1 2 . 8  | 2 . 5 6 E + 0 1  |
1 2 . 5  | 4 . 0 4 E + 0 1  |
I 2 - 2  | 5 . 7 3 E + 0 1  I
1 1 - 9  1 7 . 6 1 E + 0 1  |
1 1 . 4  | 1 . 0 8 E + 0 2  |
1 1 • 1 I 1 . 3 2 E + 0 2  |
l 0 . 8  | 1 . 4 6 E + 0 2  |
I 0 . 5  I 1 . 5 4 E + 0 2  I
I 0 . 2  I 1 . 6 1 E + 0 2  J
I 0 . 0  ] 1 . 6 5 E + 0 2  |
I . “ 0 . 2  | 1 . 6 3 E + 0 2  |
I ” 0 . 5  | 1 . 5 7 E + 0 2  |
I ” 7 . 8  | 1.  52E + 02 l
I ” 1 . 0  | 1 . 3 9 E + 0 2  |
I - 1 . 3  j 1 . 2 4 E + 0 2  |
I “ 1 . 6  I 1 . 0 2 E + 0 2  )
I ” 1 . 9  | 8 . 5 1 E + 0 1  |
I ” 2 . 1  I 7 . 1 3 E + 0 1  J
I “ 2 - 4  | 4 . 5 4 E + 0 1  |
I “ 2 . 7  | 3 . 3 8 E + 0 1  J
l ” 3 - 0  I 2 . 1 8 E + 0 1  J
| - 3 . 2  | 1 . 2 9 E + 0 1  |
I “ 3 . 6  I 7 . 6 3 E + 0 0  |
I ” 3 - 8  | 5 . 3 5 E + 0 0  I
I ” 4 . 1  ) 4 . 2 9 E 4 0 0  |
I ” 4 . 4  I 4 . 5 3 E + 0 0  J
I ” 5 . 0  | 4 . 7 1 E + 0 0  |
I ” 5 . 3  J 5 . 4 5 E + 0 0  |
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T a b l e  C . 7 ;  E x p e r i m e n t  #7
;p l  = 2 .  1B- 
tep l  =50  0 
c/d = 1 0 . 5  
n = 2 . 4E-
2
3 ( k g / s )
v = 2 .  1 E-  
XW
Re = 5 0 0  
w
r = 2 . 1 6  
m/ 2
U = 9 3
2
mm
'ram /s)
| z -mm) I u Imm/s)
i
sBN
IIi
u ( tr m / s )  j
| 9 . 9 1 3 . 5 5 E + C C 1 - 4 . 3  | 1 .2 9  E +0 1 |
| 9 . 3 1 3 . 53E+0C 1 -  4 .  9 | 9 . 3 3  E +00 |
| 8. 7 1 4 - 2 2 E + 0 C 1 - 5 . 4  | 7 . 9 0 E + 0 0  |
| 3 .  2 1 4 .  C9E + 00 1 -  6 . 0  | 5 . 6 2  E +00 |
I 7 .  1 1 4 . 49E+0C 1 - 6 . 4  | 5 - 0 6 E 4 0 0  |
I 6 . 3 1 4 .  U2E+0G 1 -  7 . 1  | 5 . 3 6  E +00 |
| 6.  5 1 6 .  19E + 0C I - 7 . 6  | 4 - 6 3 E + 0 0  |
| 6 .  3 1 5 . 75E+0C , --------------------------
| 6 . 0 1 5 . 7 6 E + 0 C I
1 5 . 7 1 6 . 33E+0C I
| 5 .  5 1 5 .  6 1E + 0C I
1 5 .  2 1 7 . 4 6 E + 0 C I
1 a .  9 1 3 . 52E+0C I
1 4 .  f 1 1 . C7E + 0 1 I
| 4 .  4 1 1 . 4 2 E  + 0 1 I
1 <*. 1 1 1 . S3E + 0 1 I
| 3 . 9 1 2 . 25E + 0 1 I
| 3 . 5 J 2 - 6 9  E + 0 1 I
| 3 .  3 1 3 . 0 5 E + 0 1 I
| 3 . 0 1 4 . 2 0 E + 0  1 I
| 2 . 7 1 4 . 90E + 0 1 I
| 2 .  4 1 6 - 18E + 0 1 I
| 2 .  2 1 7 . 3 7 E  + 0 1 I
| 1.  3 1 1.  16E+02 I
I 1 .  1 1 1 . 2 3 E + 0 2 I
| 0 . 8 1 1 . 3 5 E + 0 2 I
| 0 . 5 1 1 . 4 6 E + 0 2 I
| 0 .  3 1 1 - 4 6 E+ 0 2 I
| 0 . 0 1 1 . 4 S E + 0 2 I
| -  0 .  2 1 1 . 4 3 E + 0 2 I
| -  0 . 4 1 1 . 4  1E + 02 I
I -  0 .  7 1 1 . 3  2E + 02 I
| - 1 . 0 1 1 . 2 3 E+ 0 2 I
| -  2 -  1 1 7 . 14E + 0 1 I
| -  2 .  4 1 5 . 90E + 0 1 I
| -  2 .  7 1 4 . 59E + C 1 I
| -  3 .  0 1 3 . 96E + 0 1 I
1 -  3- 2 1 3 . 3 5 E  + 0 1 I
| - 3 . 5 1 2 . 7 4 E  + 0 1 I
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T a b l e  c . 9: Ex p e r i m e n t #3
X , = 3 - 9 E - 2 
P i
Xw = 3 - 9 E - 2
R e , =50  0 
P i
Rew = 5 0 0
x / d  = 2 1 . 0 r m/ 2  = 2 - 53 mm
in = 2 .  5 E - 3 ( k g / s ) u = 6 3 (mm/s)
j z  (inn) | u (mm/s)  j z  (mm) | u (mm/s)
1 0 - 4  | 4 . 4 5 E + C 0 I - 2 - 2  | 7 . 43E+01
9 . 3  | 5 . 0 3 E + C 0 I ” 2 . 4  | 6 . 2CE+01
9 . 2  | 5 - 2 3 E + C 0 I “ 2 - 5  | 6 - 3 E E  + 01
9 . 6  | 4 . 4 1 E + C 0 I - 2 . 7  | 5 . 7  4E + 0 1
8 - 1 | 5 . 3 5 E + C 0 I - 3 - 0  J 5 - 25E + 0 1
7 . 5  | 6 . 3 1 E * CO I - 3 . 3  | 4 . 6 6 E+01
6 . 9  | 8 - 6 2 E + C 0 I - 3 . 6  J 3 . 82E+01
6 . 4  ] 9 . 6 S E + C 0 I - 3 . 9  | 3 . 3 6 E + 0 1
6 - 1  | 1 - 12E+01 I - 4 - 2  I 3 - 06E + 0 1
5 . 8  | 1 . 05E+C1 I - 5 . 3  | 1 . 49E+01
5 . 5  ] 1 . 1 9 E + 0 1 I - 5 . 9  | 1- 15E+0 1
5 - 2  | 1 - 52E+C1 I - 6 . 4  j 7 - 8 2 E+00
5 . 0  1 1 . 3 5 E + 0 1 I - 6 . 9  | 6 . 7 3 E+ 0 0
4 . 7  | 2 - 14E+C1 I - 7 - 5  | 6- 9CE+00
4 . 5  | 2 . 2 4 E + C 1 I - 3 . 1  J 6 . 0CE+00
4 - 1  I 2 - 6 9 E+ C1
3 . 9  | 3 . 2 4 E + 0 1 I
3 - 6  | 3 - 6 6 E+ C1 I
3 . 4  | 4 . 3 6 E + 0 1 !
3 . 0  | 5 . 0 8 E + C 1 I
2 . 7  | 5 . 7 0 E + 0 1 I
2 - 5  | 6 - 10E+C1 I
2 . 2  | 7 . 1 1E+01 I
1 . 9  | 6 - 5 4 E + C 1 I
1 . 6  | 9 . 5 5 E + C 1 I
1 - 4  | S - 2 9 E+ C1 I
1 . 1  I 1 . 0 0 E + 0 2 I
0 . 0  | 1 . 10E+C2 I
0 . 5  | 1 . 19E+02 I
0 - 2  | 1 . 24E+C2 I
0 . 0  ) 1 . 2 4 E + C 2 I
- 0 . 2  | 1 - 19E+C2 I
- 0 . 5  | 1 . 2 0 E + Q 2 I
- 0 . 8  | 9 . 2 0 E + C 1 I
- 1. 1  | 1 . 06E+C2 I
- 1 . 3  J 9 . 6 3 E + C 1 I
— 1 - 7  ) 9 - 7 7 E + C 1 I
- 1 . 9  | 7 . 9 5 E + C 1 I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 44
T a b l e C . 9;  E x p e r i m e n t  #9
XP1 = 7 . 6 E - 2 Xw = 7 . 6E- 2
Rep l = 4 0 0 Rew = 4 0 0
x / d = 31 . 5 cm/2 = 3 . 4 6 mm
m = 2 - 0 E - 3 ( k g / s ) u = 6 8 . 3 (mm/s)
| z  (mm) 1 u ( ram/s)
I 6 . 6  | 9 . 9 1 E +00 l
I 6 . 1  | 1 . 1 2 E + 0 1  I
I 5 . 7  | 1 . 4 3 E + 0 1  |
I 4 - 8  | 2-  16 E+0 1 |
I 4 . 4  | 2 . 4 3 F + 0 1  |
I 3 . 9  j 2 . 7 7 E 4 0 1  |
I 3 . 5  | 3 . 3 1 E + 0 1  |
I 3 . 0  | 3 - 7 6 E + 0 1  |
I 2 . 1 1 4 . 9 4 E + 0 1  |
1 1 . 7  I 5 . 3 0 E + 0 1  J
I 1 . 7  | 5 . 3 2 E + 0 1  |
I 1- 2  | 6 . 0 3 E + 0 1  I
I 0 . 9  j 6 . 4 5 E + 0 1  I
I 0 . 3  | 6 . 5 6 E 4 0 1  1
I 0 . 0  l 6 . 7 0 E + 0 1  1
I - 0 . 5  | 6 - 6 4 E + 0 1  |
I - i . o  l 6 . 3 4 E + 0 1  I
I - 1 - 3  I 6 - 0 4 E + 0 1  |
I - 1 . 9  I 5 . 7 0 E + 0 1  l
I - 2 . 3  j 4 . 7 7 E + 0 1  l
I - 2 . 7  J 4 . 2 7  E + 0 1 )
I “ 3 . 2  I 3 . 6 1 E + 0 1  I
l - 3 . 7  | 2 . 9 9 E + 0 1  l
I - 4 . 1  I 2 . 5 8 E + 0 1  I
I - 4 . 5  | 2 . 2 6 E + 0 1  |
I - 5 . 0  | 1 - 8 6 E + 0 1  |
I - 5 . 4  I 1 . 6 0 E + 0 1  |
I - 5 . 9  | 1 . 3 1 E 4 0 1  |
I - 6 . 4  | 1 . 1 6 E + 0 1  I
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T a b l e  D.  1; E x p e r i m e n t  #1 0
1 46
X . = 1 - 3 E - 3  
P i
Re , = 1 6  00 
P i
X/d = 2 .  1 
rn = 1 1 . 9 E - 3 ( k g / s )
X = 1 . 3 E-  
w
Re = 1 6 0 0
w
r  , = 1 - 9 4  m/2
u = 4 1 5
3
mm
(mm/s)
I z (mm) I u (mm/s) 1 z  (turn) 1 u ( n m/ s ) T
I 5.  1 | 2 . 6 2 E + C 0 1 - 4 . 0  j 4 . 9CE+0 0 i
I 4-  9 | 2 - 50E+CO 1 - 4 - 3  | 2 - 8 6E+0 0 i
I 4 .  6 | 2 . 4 5 E + 0 0 1 - 4 . 6  | 4 . 27E+00 i
i 4 . 4  | 2 . 62E+C0 | - 4 . 9  | 2-  1 5E + 0C i
I 4 .  1 | 2 . 9 1 E + C 0 ) - 5 . 1  j 3 . 06E+00 i
I 3 . 8  | 4 .  13E+C0 , -------------------------- ---------------------------- -----
I 3 .  6 j 1 . 4 5 E+C1 1
I 3 . 3  | 3 . 7 2 E + C 1 1
I 3 .  1 | 6 .  10E + 01 1
1 2 . 8  | S - 81E+C1 1
1 2 .  6 | 1 . 5 7 E+ C2 1
1 2. 3  | 2 - 4 5 E + C2 1
1 2 . 0  j 3 . 5SE+C2 1
1 1- 8 | 4 . 4 9 E + C 2 1
1 1 . 5  | 5 . 5 8 E + C 2 1
1 1 - 3 | 6 - 3 2 E+ C2 1
1 1.  0 | 7 . 1 3 E + 0 2 1
1 0 . 8  | 7 - 4 4 E + 0 2 1
1 0 . 5  | 7 . 7 9 E + 0 2 1
1 0 .  3 } 7 . 9 3 E + C 2 1
1 0 .  0 | 8 . 1 1E + 02 1
1 - 0 . 2  | 7 . 9 0 E + 0 2 1
1 - 0 . 4  | 7 . 6 4 E + 0 2 1
1 - 0 . 8  • J 7 . 0 7 E + C 2 1
1 - i . o  | 6 . 6 0 E + 0 2 1
1 - 1 . 2  | 5 . 9 7 E + C 2 1
I " 1 . 5  | 5 . 3 2 E + 0 2 1
I - 1 . 7  | 4 . 5 2 E + C 2 1
1 - 2 . 0  | 3 . 6 3 E + C 2 1
1 - 2 . 3  | 2 .  46E + 02 1
1 - 2 - 5  | 1 . 2 9 E + 0 2 1
1 - 2 . 8  | 7 . 7 2 E + 0 1 1
1 - 3 .  1 | 4 . 7 5 E + 0 1 1
1 - 3 . 4  | 3 . 08E+C1 1
1 - 3 .  6 | 1 . 3 9 E + 0 1 1
1 - 3 . 8  | 9 . 36E+C0 1
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T a b l e  D. 2 :  E x p e r i m e n t  #11
XP1 =2-  1E- 3 xw
= 2 - 1E- 3
Rep l = 1000 Rew
= 1000
x /d = 2 .  1 r = 1 . 9 3 mm
« m/ 2
m = 8 - 3 E - 3 ( k g / s ) U = 289 (mm/s)
1 2 (mm) 1 u (nrn / s ) l
1 5 . 7  | 2 - 9 4 E + 0 0 I
1 5 .  4 | 3 . 6 7 E + 0 0 I
1 5 . 0  1 2 . 6 8 E+ 0 0 I
1 4 .  9 1 2 . 5 7 E + 0 0 I
I 4 .  5 | 2 - 6 5 E + 0 0 I
1 4 .  2 | 2 . 9 1 E + 0 0 I
1 4 .  0 | 4 .  3 4E+0 0 I
1 3 . 6  1 1 . 21E+0  1 I
1 3-  3 | 1 . 7 2 E + 0 1 I
1 3 .  1 J 4 . 6 7 E + 0 1 I
1 2 . 9  | 7 . 6  1E+0 1 I
1 2 - 5 | 1- 19E+02 I
1 2 . 2 ] 1 . 7 3 E + 0 2 I
1 1- 9 1 2 - 5 3 E+ 0 2 I
1 1- 7 | 3 .  15E+02 I
1 1. 4  | 3 - 9 2 E + 0 2 I
1 1 - 1 1 4 . 4 6 E + 0 2 1
1 0 . 8  1 5 . 0 1 E+ 0 2 1
1 0 . 5  | 5 . 2 7 E+ 0 2 1
1 0 .  2 ) 5 - 4 6 E + 0 2 1
i 0 . 0 j 5 . 5 7 E + 0 2 1
1 - 0 . 3  | 5 . 5 3 E + 0 2 1
| - 0 . 6  | 5 . 3 4 E + 0 2 1
1 - 0 . 9  | 4 . 9 7 E + 0 2 1
1 - 1 . 1  I 4 . 6 6 E + 0 2 1
I - 1 - 3  | 4 . 2 0 E+ 0 2 1
I - 1 . 6  | 3 . 6 6 E + 0 2 1
1 - 1 . 9  | 2 . 9 4 E + 0 2 1
I - 2 . 2  | 2 . 2  1E+02 1
I - 2 . 5  | 1 . 3 3 E + 0 2 1
] - 2 . 8  | 8 - 2 0 E + 0 1 1
I - 3 . 1  | 5 . 9 7 E + 0 1 1
I - 3 - 7  | 1.  8 7 E+0  1 1
I “ 3 . 9  | 1.  19E+0 1 1
I - 4 . 3  | 6 . 0 4 E+ 0 0 1
I - 4 . 5  | 6 . 2 0 E+ 0 0 1
I - 4 . 8  | 2 . 9 3 E + 0 0 1
I - 5 . 4  | 2 . 4 6 E+ 0 0 1
I - 5 .  9 | 2 . 7 2 E+ 0 0 1
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T a b l e  D. 3 : E x p e r i m e n t #12
XP1 = 4 . 2 E - 3 xw
= 4 . 2 E - 3
Rep l = 1000 Rew
= 1000
x /d II ■c • to W 2
= 1 . 9 6 mm
•
m = 9 . 2 E - 3 ( k g / s ) u = 2 9 6 {mm/s)
N 0 a a
I 
*" *
*
i i
u {mm/s) i z {mm) j u {mm/s)
] 6 . 6  | 5 - 16E+0C I - 3 . 5  | 4 . 6  1 E 401
I 6 . 1 | 3 . 7 9 E + 0 C I “ 3 . 9  | 3 .  3 9 E 401
1 5 - 8  | 3 . 75E+0C I - 4 . 0  | 1 . 9 7 E 4 0 1
1 5 . 5  ) 2 . 7 4 E + 0 0 I " 4 . 2  J 1 . 4 4 E 4 0 1
1 5 . 3  | 3 . 3 4 E + 0 C l “ 4 . 6  I 6 . 3 9 E 4 0 0
1 5 . 0  | 3 . 0 1 E+ 0 0 I - 5 . 1  j 2 . 9 9  E 400
I 4 . 7  | 3 - 2 8 E + 0 C I - 5 . 6  | 3 . 3 6  E 400
1 4 . 5  | 2 . 7 8 E + 0 C I - 6 . 2  | 9 . 0 1 E 400
1 4 . 2  | 3 - 05E+0C I “ 6 - 7  | 3 . 5 4 E 4 C 0
1 3 - 9  | 4 . 9 6 E + 0 0 , -----------------------
1 3 . 7  | 8 . 8 1 E + 0 C I
1 3 . 4 | 2 .  14E + 0 1 I
1 3.  1 | 4 . 5 4 E + C 1 I
1 2 . 9  | 6 . 5 9 E + 0 1 I
1 2 - 6 | 9 . 7 2 E + 0 1 I
1 2 . 3  | 1 . 4 4 E + 0 2 I
1 2 - 1 1 1 . 9 6 E + 0 2 I
1 1 . 7  | 2 . 9 7 E+ 0 2 I
1 1 - 5  | 3 . 5 1 E + C 2 I
1 1 - 3  | 4 .  15E + 02 I
I 0 . 9  | 4 . 7 0 E + C 2 I
I 0 . 7  | 5 . 0 3 E + 0 2 I
I 0 . 5  | 5 . 3 0 E+ 0 2 I
I 0 . 2  | 5 . 4 4 E + 0 2 I
I 0 - 0  | 5 . 5 0 E + C 2 l
I - 0 . 3  | 5 .  45E + 02 I
I - 0 . 6  | 5 . 2 5 E+ 0 2 I
I - 0 . 9  | 4 . 9 7 E+ 0 2 I
I - 1-1  I 4 . 6 3 E + 0 2 I
I - 1 - 3  l 4 . 2 6 E+ 0 2 I
I - 1 . 6  J 3 . 9 1 E + 0 2 I
I - i - o  1 3 .  17E + 02 I
1 - 2 . 2  1 2 . 3 2 E+ 0 2 I
1 - 2 . 4  1 1 . 8 6 E + 0 2 I
1 - 2 . 7  1 1 . 3 0 E+ 0 2 I
1 - 3 . 0  1 8 . 6 2 E  + 0 1 I
1 - 3 . 2  1 6 . 5 9 E  + 0 1 I
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T a b l e  D . 4: E x c e r i m e n t #13
xp l
h « M I ro Xw
= 1 .  1E- 2
Rep l = 1000 Rew = 1000
x /d = 1 0 . 5
3 M
= 2 . 1 1 mm
m = 8 ,  1E- 3 ( k g / s ) u = 2 8 2 (mm/s)
J z (mm) | u (mm/s)  | z  (mm) | u ( t i m/ s )  l
7 . 7  j 3 . 5 6 E + C 0 I - 4 . 4  | 5 . C 7 E + 0 1  |
7 . 2  | 5 .  19E + C0 I - 4 . 7  | 3 - 9 4 E  + 01 |
6 . 5  | 2 . 7 5 E + C 0 I " 5 . 3  | 2 . 3 C E + 0 1  |
6 .  1 | 3 - 3 2 E + C 0 I - 5 . 9  | 7 . 5 S E + 0 C  I
5 .  9 | 6 . 9 7 E + C 0 I - 6 . 4  | 3 . 2 1 E + 0 0  |
5 .  5 | 3 . 7 4 E + C 0 I - 7 .  1 | 6 . 3 4 E  + 00 |
5 .  2 | 4 . 6 7 E + C 0 I “ 7 . 7  | 4 . 8 8 E+ 0 0 |
5 - 0  I 1 . 02E+C1 I - 8 . 3  | 3- C9E+OC |
4.  7 | 1 . 6 2 E + 0 1 , -------------------------
I 4 - 4  | 3 . 8 8 E + G 1  |
I 4 .  1 | 4 . 6 7 E + 0 1  |
| 3 - 8  | 4 . 2 7 E + C 1  |
I 3 .  5 | 5 . 2 3 E + C 1  |
I 3 . 2  | 8 - 8 6 E + C1  |
I 3 . 0  J 1 . 0 9 E + 0 2  |
I 2-  3 | 1 . 8 1 E + C 2  |
I 2 . 0  | 2 . 5 1 E + C 2  |
I 1- 8 | 3 . 0 6 E + C 2  |
1 1 - 4 | 3 . 7 9 E + 0 2  |
1 1-  1 I 4 . 3 1 E + C 2  |
I 0 . 3 ) 4 . 7 5 E + C 2  |
I 0 . 5  | 5 . 1 3 E + 0 2  |
1 0 . 2 ) 5 . 2 0 E + C 2  |
1 0 . 0  | 5 . 3 5 E + 0 2  |
1 - 0 .  3 | 5 . 2 3 E + 0 2  |
1 - 0 - 6  | 5 . 1 6 E + 0 2  |
1 - 0 . 6  | S . 2 2 E + 0 2  |
1 - 0 . 9  | 4 . 9 9 E + 0 2  |
1 - 1 - 2  | 4 . 5 4 E + C 2  |
I - 1 - 5  | 3 . 9 9 E + 0 2  |
I - 1 - 8  | 3 . 4 3 E + C 2  )
I - 2 . 1  | 2 . 9 4 E + C 2  )
I - 2 .  4 | 2 . 4 1 E + C 2  |
I - 2 . 7  ] 1 . 7 9 E + 0 2  |
I - 3 . 0  I 1 . 4 3 E + C 2  |
I - 3 . 2  | 1 . 1 9 E + C 2  |
I - 3 . 6  | 9 . 3 4 E + C 1  |
I - 3 . 8  | 7 . 4 7 E + 0 1  |
I - 4 .  1 | 6 . 4 9 E + C 1  |
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T a b l e  D . 5 :  E x p e r i m e n t  #14
XP1
ii » 1 to Xw = 1 . 6  E—2
Rep l
= 1000 Rew = 1000
x /d = 1 5 . 7 5 r m/ 2 = 2 . 0 3
mm
rn = 3 . 3 E- 3 ( k g / s ) u = 239 (mm/s)
1 z  1 ram) | u (mi r / s) I z (mm) | u (mm/s)  I
1 1 0 . 7  | 2 . 83E+0C l - 2 . 2  J 2 - 4 1E+02 I
I 1 0 . 3  | 4 . 25E+0C I - 2 . 4  j 2 . 0 2 E + 0 2  |
1 9 . 6  | 4 . 8CE+0C I - 2 . 7  | 1 . 6 4 E + 0 2  |
1 9 . 0  1 3 . 9 5 E + 0 C I " 3 . 0  I 1 . 4 0 E + 0 2  I
J 8 . 4  J 3 . 73E+0C I - 3 . 2  I 1 . 1 2 E + 0 2  |
1 7 - 9  | 3 . 3 7  E+0 C I “ 3 . 5  | 9 . 1 4 E + 0 1  1
1 7 . 3  | 3 . 87E+GC I - 3 . 7  | 7 . 9 0 E + 0 1  |
1 6 . 3 J 3 . 6 3  E+0 0 I - 4 . 0  | 6 . 7  6 E + 0 1 |
1 6 . 2  | 3 . 17E+0C I - 4 . 3  I 5 . 7 5 E + 0 1  |
1 6 . 0  | 3 . 9 7  E + 0 C I - 4 . 5  I 5 . 2 3 E + 0 1  |
1 5 . 7  1 3 . 0 1 E+0 0 I - 5 . 2  | 2 . 3 1 E + 0 1  |
1 5 . 4  I 8 . 7 2 E+0 0 I - 5 . 7  | 1. 1 2 E+01 1
1 5 . 1 | 1 . 60E+0  1 I - 6 . 2  | 4 . 1 7 E + 0 0  I
1 4 . 9  | 3 - 03E+0 1 I " 6 . 8  | 9 . 2 1 E + 0 0  |
1 4 . 6  | 3 . 83E+0 1 I - 7 . 3  | 7 . 1 4 E + 0 0  |
1 4 . 3  | 4 . 67E+0 1 I - 7 . 9  | 2 - 9 1 E + 0 0  |
1 4 . 0 | 4 . 9 3 E+01 I - 3 . 4  J 2 . 7 7 E + 0 0  |
1 3 . 8  J 5 .  4 5 E+0 1 | - 9 . 0  J 5 . 2 S E + 0 0  |
1 3 . 5 | 6 . 97E+0 1 l - 9 . 5  J 2 . 9 9 E + 0 0  I
1 3 - 2  1 9 . 03E+01 I - 10 . 1  | 7 . 5 5 E + 0 0  I
1 2 . 9  | 
1 2 . 7  1
1.  19E+02  
1 . 7 3 E+0 2
I - 1 0 . 7  |
•---------------------------
2 - 8 1 E + 0 0  |
I 2 . 4  | 1 . 9 1 E + 0 2  |
I 2 . 1 1 2 . 4 1 E + 0 2  |
1 1 - 9  | 2 . 8 3 E + 0 2  J
1 1. 6  | 3 . 3 5  E + 0 2 |
1 1-3  1 4 - 0 1 E + 0 2  |
1 1 . 0 | 4 . 4 3 E + 0 2  I
1 0 . 8  | 4 . 6 5 E + 0 2  J
1 0 . 5  1 4 . 9 5  E+0 2 |
1 0 - 2  | 5 . 1 2 E + 0 2  J
1 0 . 0  | 5 . 1 9 E + 0 2  |
1 - 0 - 2  j 5 .  12E+02 |
I - 0 . 5  J 4 . 9  1E+02 j
1 - 0 . 7  1 4 . 6 5 E + 0 2  1
1 “ 1. 1  I 4 . 2 3 E + 0 2  |
I “ 1 - 3  I 3 . 8 3 E + 0 2  |
I “ 1 . 5  | 3 . 4 4 E + 0 2  |
I - 1 - 9  | 2 . 8 3 E + 0 2  |
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T a b l e  D . 6 : E x p e r i m e n t #15
V = 2 .  1 E- 2 Xw = 2 . 1E- 2
Repl = 1000 Rew = 1000
x/d = 2 1 . 0 cm/2 = 2 .  10 mm
m = 9 . 2 E - 3 ( k g / s ) u = 2 9 6 (mm/s)
| 2 -mm) } u ( u n / s )  I z  {mm) | u (mm/s)  I
8 . 6  | 5 . 0 0 E + 0 0 I - 2 . 4  | 1 . 8 6 E + 0 2
9 . 0  j 3 . 7 3 E+ 0 0 I - 2 . 7  | 1 . 5 2 E + 0 2
7 . 5  | 5 . 8 7 E + 0 0 I " 2 - 9  j 1- 3 3 E  + 02
7 . 0  | 9 . 09E +00 I - 3 . 2  } 1 . 0 4  E + 02
6 . 5  | 1 . 43E+01 I - 3 - 5  | 7 - 6 1E+01
6 . 3  | 7 . 1 1E+00 | - 4 . 0  | 5 . 7 5 E + 0 1
6 . 0  | 6 . 19E+00 I - 4 . 5  I 4 . 2 0 E + 0 1
5 . 7  | 1 . 15E+0 1 I - 5 . 0  | 3 . 0 2 E + 0 1
5 . 5  | 1 . 9 5  E+0 1 I " 5 . 5  | 7 . 4 7 E + 0 0
5 . 2  | 2 . 0 0 E + 0  1 I - 6 . 0  | 7 . 3 9 E + 0 0
5 . 0  I 2 . 01E+01 I - 6 . 5  | 7 . 2 4 E + 0 0
4 . 7  | 3 . 8 2 E + 0 1 I " 7 . 0  | 3 - 2 5 E + 0 0
4 . 3  j 4 . 4 1 E + 0 1 I “ 9 . 0  | 3 . 9 6 E + 0 0
4 . 0  | 6- 08E+0 1 I - 8 . 5  | 2 . 7 6 E + 0 0
3 . 7  | 7 . 3 3 E + 0 1
3 . 5  | 8 - 4 7 E + 0 1 I
3 . 2  | 1 . 1 2 E+0 2 I
3 - 0  | 1 . 3 2 E + 0 2 I
2 . 7  | 1 . 5 2 E + 0 2 I
2 - 5  J 2 . 0 4  E +02 I
2 . 3  J 2 . 2 9 E+ 0 2 I
1- 9  j 2 - 7 4 E + 0 2 I
1 . 7  I 3 .  1 4E+02 I
1 . 5  | 3 - 6 4 E+0 2 I
1 . 2  | 4 . 0 3 E + 0 2 I
1- 0  | 4-  3 1E+02 I
0 . 7  | 4 . 5 0 E + 0 2 I
0 - 5  | 4 - 6 9 E + 0 2 I
0 . 2  | 4 . 9 4 E+ 0 2 I
0 . 0  | 4 .  8 5 E + 0 2 I
- 0 . 2  | 4 . 7 5 E + 0 2 I
- 0 . 5  | 4 - 7 1 E + 0 2 I
- 0 . 7  | 4 . 5 0 E+ 0 2 I
- 1 . 0  J 4 .  1 4E+02 I
- 1 . 2  J 3 . 5 9 E + 0 2 I
- 1 . 5  | 3-  0 5 E+ 0 2 I
- 1 . 7  | 2 - 7 9  E +0 2 l
- 1 . 9  I 2 . 4 3 E + 0 2 I
- 2 . 2  l 1 . 9 9 E + 0 2 I
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Ta b l e  D . 7 ;  E x p e r i m e n t  #16
XP1
= 4 . 2 E - 3
Xw
= 4 . 2E—3
Rep l = 5 0 0 Rew
= 5 0 0
x / d = 2 .  1 r
cn■It ram
m/ 2
m = 4 . 3 E - 3 ( k g / s ) IT = 150 (raro/s)
I z Cm m) | u (mt r / s ) I
I 5 . 4  J 3 . 2 8 E + C 0 I
I 5 . 1 | 3 . 5 1 E + C 0 I
] 4 . 9  | 4 . 5 2 E + C 0 I
1 4 . 6  | 3 . 7 6 E + C 0 I
1 4 . 3  1 5-  15E+C0 I
1 4 . 0 | 6 . 2 5 E + C 0 I
1 3 . 8  J 1.  12E + 01 I
1 3 . 5  | 2 .  06E + 01 I
1 3 . 2  | 4 - 03E+C1 I
1 3 . 0  | 5 . 9 4 E + C 1 I
1 2 . 7  | 8 . 2 6 E + C 1 I
1 2 . 4  | 1 . 0 7 E+ C2 I
1 2 . 1  | 1 . 4 5 E + C 2 I
I 1 . 3  | 1 . 8 4 E + C 2 I
I 1 . 6 | 2 .  13E+C2 I
1 1 . 3 | 2 . 4 1 E + C 2 I
1 1-0  | 2 - 6 7 E + C 2 I
I 0 . 7  | 2 . 7 4 E + C 2 )
I 0 . 5  | 2 . 8 6 E + C 2 !
I 0 . 2  | 2 . 9 1 E + 0 2 I
I 0 . 0  | 2 . 9 3 E + C 2 I
I - 0 . 3  | 2 . 8 3 E+02 I
1 - 0 . 5  | 2 . 6 6 E + C 2 I
1 - 1 - 0  | 2 . 2 2 E + 0 2 I
I - 1 - 3  | 1 . 94E+C2 I
I - 1 . 6  I 1 . 5 4 E + C 2 I
I - 1 . 9  | 1 . 13E + 02 I
I - 2 . 1  | 8 . 7 6 E + C 1 I
I “ 2 . 4  | 6 . 3 6 E + 0 1 I
I - 2 . 7  | 3 . 7 2 E + C 1 I
I - 3 . 2  | 2 .  14E + Q1 I
I ” 3 - 5  | 1 . 0 0 E+ C1 I
I - 4 . 1  | 3 . 7 3 E + C 0 I
I - 4 - 6  | 3 - 7 5 E + C 0 I
| - 4 . 9  | 4 . 5 0 E + C 0 I
I “ 5 - 2  | 3 . 5 1 E + C 0 I
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T a b l e  D . 3 : E x p e r i m e n t  #1 7
Xp l  = 9 . 4 E - 3
Xw
= 9 .  4 E - 3
Rep l  = 5 0 0 Rew = 5C0
x / d  = 4 . 2
r m/ 2
= 1 . 9 4
m = 4 . 3 E - 3 ( k g / s ) u = 150 (
I z (ram) I u ( a m / s ) i Z (mm) 1 u (am/s)
1 6 . 5  | 3 . 3 7 E + C 0  |
1 6 . 2  | 4 . 2 0 E + C 0
1 5-  9 | 4 - 06E+CO
1 5 .  4 | 3 . 3 9 E + C 0
1 5 .  1 | 3 - 8 4 E + 0 0
1 4 .  9 | 4 . 3 4 E + C 0  |
1 4 .  6 I 5 - 7 7 E + C 0  j
1 4 . 3 | 9 . 4 9 E + 0 0  |
1 4 .  0 | 1 . 4 5 E+ C1  |
1 3 . 7  | 2 . 5 0 E + C 1  |
1 3 . 5  | 3 - 6 6 E + C1  |
1 3 . 2  | 5 . 2 1 E + 0 1  |
1 2 . 9  | 6 - 6 8 E + 0 1  |
1 2 .  6 | 9 . 3 3 E + C 1  |
1 2 - 4 | 1 . 0 1 E + C 2  j
1 2 .  1 | 1 . 2 6 E + 0 2  |
1 1 - 9  1 1 . 5 3 E + C 2  |
1 1 . 6  1 1 . 9 2 E + 0 2  |
1 1 - ^ 1 2 . 1 5 E + C 2 |
j 1 . 0 | 2 . 4 1 E + 0 2  |
1 . 0 . 8  | 2 - 6 3 E + 0 2  |
1 0 . 5  ) 2 . 7 7 E + 0 2  |
1 0 .  2 | 2 - 8 2 E + 0 2  |
1 0 . 0  | 2 . 9 2 E + 0 2  |
1 - 0 . 2  | 2 - 7 6 E + C 2  |
I - 0 . 5  | 2 . 6 6 E + C 2  |
1 - 0 . 8  | 2 . 4 1 E + C 2  |
1 - 1 - 0  | 2 . 1 7 E ♦02 |
I - 1 . 3  | 1 . 3 9 E + 0 2  |
I - 1- 6  | 1 . 5 9 E  + C2 |
1 - 1 . 9  I 1 . 3 9 E + 0 2  |
I - 2.  1 | S . 7 8 E + C 1  |
I - 2 . 4  | 7 . 4 7 E + C 1  |
I - 2 . 7  | 5 . 9 8 E + C 1  |
I - 2 . 9  | 4 . 8 4 E + 0 1  |
I - 3 . 2  | 3 . 3 3 E + C 1  |
I - 3 . 7  | 1 . 6 7 E+ C1  |
8 . 3 2 E+0 0  
4 . 4SE+00  
3 .  12E+00 
2 . 8SE+00  
3 - CCE+OO
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T a b l e  D. 9 :  E x p e r i m e n t
AP1
Rep l
x /d
- 1 .  1 E - 2
= 5 0 0
= 5-  25
w
Re.w
•m /2
it = 4 . 3 E - 3 ( k g / s ) U
I 2 (mm) | u (mt r / s ) 1
I 5-  9 | 3 . 9 9 E + 0 0 1
I 5-  4 | 5 - 2 2 E+ 0 0 1
I 5 .  2 | 6 . 48E +00 1
I 4-  8 | 7 - 4 4E+00 1
I 4 . 6 ) 8 . 6  0E +00 1
I 4.  3 | 1 . 9 2 E + 0  1 1
I 4 .  1 | 2 . 6 7 E + 0 1 1
1 3 . 8  | 4 - 03E+0  1 1
1 3 .  5 | 5 . 0 3 E+01 1
1 3 . 2  | 6 - 5 7 E + 0 1 1
1 3 . 0  | 7 . 9 4 E+0 1 1
1 2 - 7  | 9 - 4 6 E + 0 1 1
1 2 .  4 | 1 . 1 2 E+0 2 1
1 2 .  1 | 1 . 4 0 E + 0 2 1
1 1- 9 | 1 . 6  1E+02 1
I 1 . 6 | 1 . 9 9 E + 0 2 1
1 1 - 3 | 2 - 2  1E+02 1
I 1 . 0  1 2 . 4 6 E + 0 2 1
1 0-  7 | 2 - 6 6 E + 0 2 1
1 0 . 5  1 2 . 7 4 E + 0 2 1
1 0-  2 J 2 - 7 7 E + 0 2 1
1 0 . 0  | 2 - 3 0 E + 0 2 1
1 - 0 . 2  | 2 . 7 1 E + 0 2 I
J - 0 . 5  1 2 . 6 0 E + 0 2 1
1 “ 0 . 8  | 2 - 4 0 E + 0 2 1
1 - 1 . 0  | 2 . 0 2 E + 0 2 1
I - 1 - 3  I 1 - 7 0 E + 0 2 I
I - 1 . 6  | 1 . 4 9 E + 0 2 1
1 - 1 - 9  I 1.  17 E+0 2 1
I - 2 . 1  | 9 . 5 0 E + 0 1 1
I - 2 - 4  I 7 . 5 6 E + 0 1 I
I - 2 . 7  | 6 . 2 9 E + 0 1 1
J - 3 . 0  j 5-  1 1E+01 1
I - 3 . 2  | 3 - 9 3 E + 0 1 1
I - 3 - 4  J 3 . 2 9 E + 0 1 1
I - 3 . 7  | 2 . 09E+01 1
I - 4 . 3  | 1.  12E + 01 1
I - 4 . 9  | 6 . 7 9 E + 0 0 1
l - 5 . 3  J 5 - 2 8 E + 0 0 1
= 1 .  1E- 
= 500  
= 1 - 9 5  
= 1 50
# 1 8
2
mm
(mm/s)
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T a b l e  E. 1 0 : E x p e r i m e n t  #1 9
V
= 2 .  1 E- 2 xw
= 2 . 1E- 2
Rep l
= 5 0 0 Rew = 5 0 0
x / d = 1 0 . 5 cm/2 = 2 . 5 mm
m = 4 . 4 E - 3 ( k g / s ) u = 153 (mm/s)
| z  ; na )  | u { mu / s )  | z  [mm) j u ( n m / s )  I
9 .8  | 3 - 04E+C0 I - 2 -  5 | 9.71E + 01 |
9.  2 I 4.03E+C0 I - 2 . B  \ 9.52E+01 I
8 . 8  | 3-42E+C0 I “ 3- 1 J 7-31E+01 I
3 . 3  | 3.65E+C0 I - 3 . 3  | 6.12E+01 |
7 . 7  | 3 - 60E+C0 I - 3 . 6  j 5-3CE+01 |
7 . 2  | 4.23E+C0 I - 3 . 9  | 4 .65E+01 I
6 . 6  | 4.  17E + C0 I 1 1 3-95E+01 I
6.  1 ) 3.63E+C0 1 - 4 . 3  | 3.06E+01 I
5 . 6  | 4 - 08E+C0 1 - 4 . 6  | 2.4SE+01 |
5. 4 j 5.  49E + C0 1 - 5 . 1  | 1.51E + 01 I
5.  1 I 9 . 27E+C0 1 - 5 . 6  | 3.95E+3C I
4 . 9  | 1 . 02E+C1 1 - 6 -  1 | 6-22E+0G |
4. 6 | 1.23E+01 I —6 . 6  ] 6 .22E+00 |
4-3  | 1.43E+C1 1 - 7 . 2  J 4.5SE+00 |
4 .1  J 2.22E+G1 1 - 7 . 7  | 4 .13E+70 |
3.  8 | 3.47E+C1 1 - 8 . 7  | 3.85E+0C |
3. 6 | 4.69E+G1 1 - 9 . 2  | 3.94E+00 I
3 . 3  | 
3.  1 I
5.67E+01
6.43E+C1
1 “ 9 - 7  |
, ---------------------
3 - 4  6E+0 C |
I 2 -  8 | 7 . 4 2 E + C 1  |
I 2 .  5 | 9 . 3 1 E + C 1  |
I . 2 - 3 1 1 - 0 8 E+ C2  |
I 2 .  0 } 1 . 3 4 E + 0 2  |
1 1-  8 | 1 - 5 0 E + C2  I
1 1. 5 | 1 . 6 9 E + C 2  I
1 1.  2 1 1 . 9 6 E + C 2  I
1 1 . 0 | 2 . 1 3 E + C 2  |
1 0 . 7  | 2 - 3 1 E + C 2  |
1 0 .  5 | 2 . 4 1 E + C 2  |
1 0 - 2 | 2 - 4 9 E  + C2 1
1 0 .  0 1 2 . 5 1 E + C 2  |
1 “ 0 - 2  1 2 - 4 5 E + C 2 |
1 - 0 . 5  | 2 . 3 6 E + C 2  |
1 - 0 . 7  | 2 - 2 5 E + C 2  |
I - i . o  J 2 . 0 9 E + 0 2  |
I - 1 - 2  I 1 . 9 2 E + C 2  |
I - 1 - 5  I 1 . 6 9 E  + C2 |
I “ 1 . 3  | 1 . 5 0 E + C 2  |
I - 2 - 0  I 1 - 3 2 E+ C2  |
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T a b l e C. 1 1; E x p e r i m e n t  #2 0
XPI = 3 . 2 E - 2 Xw
= 3 .  2E-•2
Rep l = 5 0 0 Rew
= 500
x / d = 1 5 . 7 5 rw/2 = 2 . 3 9 mm
m = 4 . 4 E - 3 { k g / s ) u = 1 53 {ram/s)
I z {mm) I u {mm/s) I z {mm) J u {nm/ s )  I
I 8 . 7  | 4-  14E + C0 I - 2 - 2  | 1 - 3 4 E  + 02 1
j 3 . 3  | 4 . 5 9 E + C 0 I - 2 . 4  | 1.  1 iJE + 02 1
I 7-  7 | 3 .  92E + 00 I - 2 - 7  | 1 . C1 E + 02 I
I 7 . 2  | 3 . 7 4 E + C 0 I - 3 . 0  I 9 . 9 5 E + 0 1  I
I 6 - 7  J 5 - 2 0 1 +  CO I - 3 - 2  | 8 . C 2 E + 0 1  |
I 6 .  2 | 5 . 5 1 E + C 0 I - 3 . 7  | 6 . 5 4 E  + 01 I
I 6-  0 | 6 . 3 6 E + C 0 I - 4 . 2  | 5 - 3 CE + 01 |
I 5 . 7  | 1 . 0 3 E + 0 1 I - 4 . 7  | 4 . 3 4 E + 0 1  I
{ 5 .  5 | 1 . 31E+C1 l - 5 . 2  | 2 - 6 C E  + 01 I
I 5 . 2  I 1 . 2 4 E+C1 I “ 5 . 7  | 1- 7 EE +-0 1 I
I 5 . 0  | 1 . 2 2 E + 0 1 I - 6 . 2  | 1 . 3 S E + 0 1  I
I 4 . 7  | 2 - 04E+C1 I - 6 - 7  | 9 - 2 6 E  + 0C I
I 4 .  5 | 2 . 5 6 E + C1 I - 7 . 2  | 6 . 8 5 E + 1 C  I
I 4 .  2 | 3 . 2 0 E + C 1 I - 7 - 7  J 6 - 6 5 E + 0 C  I
i 4 . 0  | 4 . 3 9 E+ C1 I - 9 . 2  | 5 . 5 5 E + 0 C  I
I 3 - 7  | 5 . 14E+C1 I - 8 . 6  | 4 . 92E+00 I
I 3 .  5 | 5 . 9 7 E + 0 1 I ----------------------------
I 3-  2 | 6 - 8 3 E + 0 1  |
I 3 . 0  | 7 . 8 0 E + 0 1  |
I 2 . 7  ) 9 - 3 0 E + 0 1  J
I 2 .  5 | 1 . 0 3 E + 0 2  |
I . 2 - 2  | 1 . 1 8 E + C2  |
I 2 . 0 | 1 . 3 9 E + 0 2  |
I 1 - 7  | 1 . 5 1 E + C2  |
1 1 - 5 | 1 . 6 6 E + C2  |
1 1- 2 | 1 - 8 4 E + 0 2  |
1 0 . 9  | 1 . 9 9 E + 0 2  |
I 0 - 7 | 2 - C9E+C2  |
1 0 . 5 | 2 . 2 1 E + 0 2  |
1 0 .  2 | 2 . 2 8 E + C 2  |
1 0 . 0  1 2 . 2 9 E + 0 2  |
1 - 0 - 2 | 2 - 2 9 E + C 2  |
1 - 0 . 5  | 2 . 2 3 E + C 2  |
1 - 0 . 6  1 2 - 1 6 E + C 2  |
1 - 0 . 9  | 2 . 0 3 E + 0 2  |
1 “ 1 - 2  | 1 . 9 1 E + 0 2  |
I - 1 - 5  | 1 - 7 4 E + 0 2  |
I - 1 - 7  | 1 . 6 1 E + 0 2  |
I - 1 - 9  | 1 . 4 8 E + C 2  |
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Ta b l e  E . 1 2;  E x p e r i m e n t  #21
xp l
= 4 . 2 E - 2 X„ = 4 . 2 E- 2
Rep l
= 500 Rew = 5 0 0
x / d = 2 1 . 0 r m/ 2  = 2 - 59 mm
m = 4 . 4 E - 3 { k g / s ) u = 1 5 3 {mm/s)
I z  {mm) j u {tnto/s) I 2 {mm) j u ( n m/ s )
I 9 .  1 | 4 .  19E+C0 I - 2 - 2  I 1 . 1 4E+02
I 9 . 6  | 3 .  3 9 E+ 0 0 I - 2 . 5  | 1 . 03E+02
I 9 - 2  | 4 - 59E+C0 I - 2 . 8  | 9 - 57E + 0 1
I 7 . 6  | 4 . 5 8 E + C 0 I - 3 - 0  | 8 . 45E+01
I 7 .  1 | 5 . 3 9 E + C 0 I - 3 . 2  | 7 . 65E+01
I 6 - 6  | 8 . 7 6 E + C 0 I “ 3 . 5  | 6 - 7  1E + 0 1
I 6 . 3  J 1 . 0 5 E + 0 1 I - 4 . 0  | 5 . 4 7 E + 0 1
I 6 .  1 | 1 . 2 5 E + 0 1 I - 4 - 5  | 4 . 3 6 E + 0 1
I 5 . 3  I 1 . 3 6 E + 0 1 1 - 5 . 1  | 3 .  16E + 01
I 5 . 6  | 1 . 50E+C1 I “ 5 - 6  | 2 - 4 2 E + 0 1
I 5 . 3  | 1 . 92E+01 1 - 6 . 1  | 1 . 36E + 0 1
I 5 . 0  | 2 - 7 8 E + 0 1 I " 6 . 5  | 1 .  15E + 01
I 4 . 3  | 3 . 56E+C1 1 - 7 . 1  | 6 . 4SE+00
I 4 . 3  | 4 . 8 0 E + 0 1 1 - 7 . 6  1 5 . 6  1E+00
I 4 . 0  | 5 . 6 0 E + 0 1 1 - 8 - 1  | 4 . S6E+00
I 3 . 3  | 6 . 2 2 E + 0 1 I - 9 . 6  I 4 . 95E+0C
l 3 - 5  | 7 . 17E+C1 , ----------------------------
J 3 . 2  | 7 . 9 9 E + 0 1 I
I 3 . 0  I 8 . 7 9 E + 0 1 I
I 2 . 3  | S . 9 9 E + 0 1 I
I 2 . 5  | 1 . 0 9 E + C 2 I
I 2 . 3  | 1 . 2 3 E + 0 2 I
I 2 . 0  | 1 . 4 3 E + C 2 I
I 1 - 9  | 1 . 5 5 E + C2 I
I 1 - 5  | 1 . 6 6 E + C 2 I
I 1 . 2  | 1 . 9 0 E + 0 2 I
I 1- 0  | 1 - 9 3 E + 0 2 I
I 0 . 7  | 2 . 00E+C2 I
I 0 - 5  | 2 . 06E+C2 I
I 0 . 2  | 2 . 09E+C2 I
I 0 . 0  | 2 . 08E+C2 I
j - 0 . 2  I 2 . 07E+02 I
I - 0 - 5  | 2 . 00E+C2 I
I - 0 - 7  | 1 . 9 3 E+0 2 I
I - 1- 0  | 1 . 8 0 E + 0 2 I
) - 1- 2  | 1 . 7 0 E + 0 2 I
I - 1 - 5  { 1 . 5 5 E + C 2 I
I - 1 . 7  | 1 . 4 6 E + 0 2 I
I - 2 . 0  I 1 . 3 2 E + 0 2 I
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T a b l e  1 . 1 3:  E x p e r i m e n t  # 2 2
XP1
= 5 . 3 E - 3 Xw = 5 . 3 E - 3
Rep l = 5 0 0 Rew = 5 0 0
x /d = 2 6 . 3 V 2 = 2 . 7 9
mm
m = 4 . 4 E - 3 { k g / s ) u" = 153 (mm/s)
T z  (mra) | u {mm/s)  | z  -mo) j u ( m n / s )  |
8 .  5 | £ . 3 7 E+ 0 0 I - 2 . 2  | 1 . 2 0 E + 0 2
3 . 0  | 5 . 65E+0C I - 2 . 5  | 1 . 0 6 E  *02
7 . 5  | 5 . 6 1 E + 0 0 I - 2 . 7  J 9 . 7 7 E + 0 1
7 . 0  | 6 . 2 5 E + 0 C I “ 2 . 9  J 8 . 8 7 E + C 1
6 .  5 | 9 .  13E + 00 I - 3 .  2 | 7 . 3 8 E *01
6 .  2 J 1 . 02E + 0 1 I - 3 . 5  | 7 . 2 8  E +0 1
6 . 0 | 1 . 4  1E + 0 1 I - 3 . 9  | 6 . 0 6  E + 0 1
5 . 8  | 1 - 4 5 E  + 0 1 I - 4 .  4 | 5 . 0 6 E + 0 1
5 . 5  | 1 . 9 1 E + 0 1 I - 4 . 9  | 3 .  17 E-»01
5.  2 | 2 . 4 2 E  + 0 1 I - 5 . 5  | 1 . 8 9 E * 0 1
5 .  0 | 2 . S9E+0 1 I - 5 . 9  | 1 . 6 3 E 4 0 1
4 . 7  | 3 - S8 E + 0 1 I - 6. 4  | 1 . 0 1 E + 0 1
4 .  5 | 4 . 6 9 E + 0 1 I - 6 . 9  | 7 . 2 2 E  -»00
4 . 2  | 4 . 6 7E+0  1 I “ 7 . 4  | 6 . 2 9 E + 0 0
4 . 0  | 5 - 6 0 E + 0  1 I - 7 .  9 | 6 . 2 8 E + 0 0
3.  7 J 6 . 3 5 E + 0 1 I - 9 . 4  | 6 . 7 7 E  <00
3 . 5  J 7 -  1 1E + 0 1 , --------------------
3 . 2  | 7 . 7 7 E  + 0 1 1
3 . 0  | 8 . 48E + 0 1 1
2 . 7  | 9 . 4 6 E  + 0 1 1
2.  5 | 1 . 0 4 E+0 2 1
2 . 3  | 1 .  10E + 02 1
2 . 0  | 1 . 2 4 E+ 0 2 1
1- 7 1 1 . 4 0 E + 0 2 1
1.  5 | 1 . 4 8 E + 0 2 1
1 . 2  | 1 . 5 9 E+02 1
1 . 0  I 1 . 6 6 E + 0 2 1
0 . 9  J 1 . 7 8 E + 0 2 1
0 . 5  | 1 . 7 7 E+0 2 1
0 . 3  j 1 . 9  1E + 02 1
0 .  0 | 1 . 8 9 E+ 0 2 1
- 0 . 2 j 1 . 9 9 E + 0 2 1
- 0 . 4  | 1 . 8 6 E + 0 2 1
- 0 . 7  | 1 . 3 3 E + 0 2 1
- 0 . 9  | 1 . 7 0 E + 0 2 1
- 1 . 2  | 1 . 6 6 E + 0 2 1
- 1 . 4  j 1 . 5 4 E+0 2 1
- 1 . 7  | 1 . 4 5 E + 0 2 1
- 1 .  9 I 1 - 36E + 0 2 1
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T a b l e  E. 1 4:  E x p e r i m e n t  #23
X , = 6 . 3E— 
P i
2 X = 6 . 3 E -  w 2
R e ,  =50  0 
P i
Re = 5 0 0  w
x / d  = 3 1 - 5 r m/ 2  = 3 * 29 mm
m = 4 - 3E- 3 ( k g / s ) U = 1 5 0 (mm/s)
| z  (mm) I u (mm/s) I z (mm) | u ( n m / s )  |
| 1 1 - 0 I 6 . 03E+C0 I “ 1 - 5  | 1 . 3 9 E + 0 2  I
| 10 .  5 I 7 . 0 9 E + C 0 I - 1 - 7  | 1 . 3 2 E + 0 2  I
| 9 . 5 I 6 .  15E+C0 I - 1 - 9  J 1 . 2 2 E  + 02 I
| 9 . 0 I 7 . 2 0 E + C 0 I - 2 . 5  | 1 . 0 7 E + 0 2  I
I 8 . 5 I 6 . 9 8 E + C 0 I - 2 . 9  | 9 . 5 2 E  + 01 |
I 7 . 9 I 7 . 6 1 E + C 0 I - 3 . 4  | 7 . 9 9 E + 0 1  I
I 7 . 5 I 7 . 2 5 E + C 0 I - 3 . 9  | 6 -  5 EE + 0 1 |
I 7 .  0 ! 1.  16E + 01 l - 4 - 5  | 4 . 8 5 E + 0 1  |
J 6 . 5 I 1 . 5 3 E+ C1 I - 5 . 0  | 3 - 8 6 E + 0 1  |
| 6 . 2 I 1 . 3 7 E + 0 1 I - 5 . 5  J 3 . 4 9 E + 0 1  |
| 6 . 0 I 1 . 7 1E+01 I - 6 . 0  I 2 . 5 6 E + 0 1  I
| 5 . 7 I 1 . 90E+C1 I - 6 . 4  | 2 -  1 7E + 0 1 I
| 5 .  5 I 1 . 7 6 E + 0 1 I - 7 . 0  | 1 . 6 3 E + 0 1  I
| 5 . 2 I 2 . 83E+C1 I - 7 . 4  | 1 . 3 7 E  + 01 |
| 4 . 9 I 2 . 9 9 E + 0 1 I - 7 . 9  | 9 . 4 9 E + 0 0  I
j 4 . 7 I 4 . 08E+C1 l - 8 . 9  | 5 - 1 2 E  + 00 1
| 4 . 5 I 4 . 6 2 E + C 1 I - 9 . 4  | 5 . 99E+00  1
I 4 . 3 I 5 . 18E+C1 I - 1 0 . 0  | 5 - 4 6 E + 0 0  1
I 4 .  0 I 6 . 3 6 E + 0 1 I - 1 0 . 5  | 6 . 2 3 E+ 0 0  1
| 3 - 7 I 6 . 8 3 E + C 1 I - 1 1 - 0  | 5 - 6 E E  + JC I
| 3 .  4 I 8 . 14E+C1 I ------------------------
| 3 .  2 I 8 . 6 5 E + C 1 I
| 2 . 9 I 9 . 3 8 E + 0 1 I
I 2 . 7 I 1 . 0 0 E + 0 2 I
| 2 . 5 I 1 . 05E+02 I
| 2 . 2 I 1 - 14E+C2 I
| 2 . 0 I 1 . 2 6 E + 0 2 I
I 1 - 7 I 1 . 4 0 E + C 2 I
1 1 . 5 i 1 . 4 7 E + C 2 I
| 1.  2 I 1 . 5 3 E + C 2 I
j 1 . 0 I 1 . 5 7 E + C 2 I
| 0 . 7 I 1 . 6 4 E + C 2 I
| 0 .  3 I 1 . 6 9 E + 0 2 I
| 0 .  0 I 1 - 7 0 E+ C2 I
| - 0 . 2 I 1 . 6 9 E + 0 2 I
| - 0 . 5 I 1 . 6 4 E + C 2 I
| - 0 .  7 I 1 . 6 1 E + C 2 I
| - 1 . 2 I 1 . 4 9 E + C 2 I
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P i
RV
x/d
m
T a b l e  E. 15: E x p e r i m e n t #24
= 8 . 4 E - 2 Xw = 8 - 4 E- 2
= 5 0 0 Rew = 5 0 0
= 4 2 - 0 cm/2 = 3 . 7 8 ram
= 4 . 3 E - 3 ( k g / s ) u = 150 (mm/s)
z (mm) \ u (mm/s) I z (mm) I u ' ram/s) I
1 1 . 0  I 4 . 5 5 E + 0 0 I - 1 . 2 I 1 - 3 4 E  + 02 I
1 0 - 5  | 4 - 0 4 E+ 0 0 I - 1 - 5 I 1 - 2 5 E + 0 2 I
1 0 . 0  | 3 . 9 7 E + 0 0 I - 1 . 3 I 1 . 1 5 E + 0 2 I
9 . 5  J 5- 8 7 E + 0 0 I - 2 . 0 I 1 - 0 5 E  + 02 I
9 . 0  I 6 . 3  6 E +00 I - 2 . 2 J 1 . 0 3 E  + 02 I
8 . 5  | 7 . 3 C E + 0 0 I - 2 - 5 I 9 . 6 4 E + 0 1 I
9 . 0  J 1 . 03F +0 1 I - 2 . 9 I 8 . 9 0 E + 0 1 I
7 - 5  J 1 . 17E+01 ] - 3 . 0 I 8 . 4 0 E + 0 1 I
7 . 1  I 1 . 42E+01 ) - 3 .  5 I 7 . 9  1E + 01 I
6 . 5  | 2 . 2 9 E + 0 1 I - 4 .  0 I 6 . 9 5 E + 0 1 I
6 - 3  | 2 - 1 1E+01 I - 4 . 5 I 5 - 0 6 E + 0 1 I
6 . 0  | 2 . 6 5 E + 0 1 I - 5 . 0 I 4 . 6 7 E  + 01 I
5 - 7  | 3 . 13E+0 1 I - 5 - 5 I 3 - 1  1E + 01 I
5 . 5  ) 3 . 76E+01 I - 6 .  1 I 2 . 9 2 E + 0 1 I
5 - 3  | 4 - 18E+0 1 I - 6 . 5 I 2 . 4 2 E + 0 1 I
5 . 0  | 4 . 3 5E+0  1 I - 7 . 0 I 1 . 9 2 E  + 01 I
4 - 7  | 5 - 0 0 E + 0 1 I - 7 . 5 I 1 . 2 3 E + 0 1 I
4 . 5  | 5 . 2 7 E + 0 1 I - 9 .  1 I 1 . 2 2 E  + 01 I
4 - 2  | 6 . 0 8 E + 0 1 I - 8 . 5 I 1 - 0 0 E+ 0 1 I
4 . 0  ) 6 . 5 9 E + 0 1 I - 9 -  1 I 8 - 18E + 00 I
3 . 7  | 6 . 9 9 E + 0 1 I - 9 . 6 I 9 . 5 6 E + 0 0 I
- 3 - 5  | 7 . 6 4 E + 0 1 I -  10 .  1 I 6 - 8 4 E O O I
2 . 9  | 9 . 7 5 E + 0 1 I - 1 0 . 6 I 6 . 6 3 E  + 00 I
2 . 7  | 9 . 4 5 E + 0 1 I -  1 1- 1 I 5 - 7  1E + 30 I
2 . 5  | 1 . 0 0 E+ 0 2
2 - 2  | 1 . 0 6 E+ 0 2 I
2 . 0  | 1 . 12E+02 I
1 - 7  | 1.  18E+02 I
1 . 5  | 1 . 2 5 E + 0 2 I
1 . 2  | 1 . 3 2 E + 0 2 I
0 . 9  | 1 . 3 7 E+ 0 2 I
0 . 7  l 1 . 4 2 E + 0 2 I
0 . 4  | 1 . 4 3 E + 0 2 I
0 . 2  | 1 . 4 3 E+ 0 2 I
0 . 0  | 1 . 4 4 E + 0 2 I
- 0 . 2  | 1 - 4 3 E + 0 2 I
- 0 . 5  | 1 . 3 6 E + 0 2 I
- 0 . 7  J 1 - 3 9 E + 0 2 I
- 1 . 0  | 1.  3 9E+0 2 I
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T a b l e  E.  1; E x p e r i m e n t  #2 5
V = 1 . 3 E - 3 Xw = 1 .  2 E- 3
Repl = 1600 Rew = 1 800
x/d = 2 . 1 r = 1 - 9 2 mmm/ 2
m = 2 - 1 3 E - 2  ( k g / s ) u = 7 4 2 (mm/s)
| z (mm) | u (mm/s)  | z (mm) | u ( n m/ s )  |
7 -  3 | 3 - 07E+C0 I " 4 - 4  | 3-  1 4E+00 |
7 . 0  1 3 . 6 1 E + 0 0 I ” 4 . 9  | 3 . 5 5 E + 0 0  |
6 - 7  | 5 . 6 7 E + 0 1 I - 5 . 4  | 3 - C 6 E  + 00 |
6 .  4 | 3 . 4 4 E + C 0 I - 6 - 0  | 3 .  1 8E+00 |
6 - 0 | 4 . 2 8 E + C 0 I - 6 - 6  | 2 - 9  6E+00 |
5 . 3  | 3 . 3 3 E + 0 0 I - 7 . 2  | 3 . 2 1 E  + 00 I
5-  4 | 
5 .  2 1
1 . 4 4 E+ C1  
3 . 16E+C0
I - 7 . 8  |
, -------------------------
3 - 2 9 E + 0 C  |
I 4 . 9  J 3 . 5 2 E + C 0  |
I 4 . 6 } 3 . 2 7 E + C 0  |
I 4 . 3  | 3 - 6 8 E + C 0  |
I 3 .  6 | 1 . 9 6 E + C1  |
I 3 .  3 | 4 . 2 4 E + C 1  |
! 3 . 0  | 7 . 6 6 E + C 1  |
I 2 - 7  | 1 . 4 5 E + C 2  |
I 2 .  4 | 2 . S 3 E + C 2  |
I 2.  1 | 4 . 7 4 E + C 2  |
I 1.  3 | 7 . 1 5 E + 0 2  |
1 1- 5 | 8 - 8 7 E + 0 2  |
I 1 . 2 ! 1 . 1 0 E + 0 3  |
I . 0 - 9  ] 1 - 2 2 E  + C3 |
I 0 . 6  | 1 . 3 0 E + 0 3  I
i 0 -  3 | 1 - 3 5 E+ C3  |
I 0 . 0 | 1 . 3 6 E + 0 3  |
I - 0 . 3  | 1 . 3 5 E + C 3  J
I - 0 . 6  J 1 . 2 6 E + 0 3  J
I - 0 . 3  | 1 . 2 2 E + C 3  |
I - 1- 1 | 1 -C9E+C3 |
1 - 1 * 7  | 7 . 7 6 E + 0 2  |
I - 2 - 0  | 6 . 0 5 E + C 2  J
I - 2 . 3  | 4 . 2 9 E + G 2  |
I - 2 - 7  I 2 - 2 4 E + C 2  J
J - 3 . 0  ] 1 . 0 0 E + C 2  |
I - 3 - 2  | 6 . 4 0 E + C 1  |
I - 3 . 6  J 3 . 3 0 E + C 1  |
I - 3 . 8  | 2 . 4 7 E + C 1  |
I - « . 1  I 4 . 7 2 E + C 0  |
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E x p e r i m e n t  #26 
Xw = 1 . 8 E - 3  
Rew = 1 2 0 0
rm/2 = 1 - 9t| 100
u = 5 1 8  (ram /s)
1 z (mm) 1 u (mm/s)  | z  (mm) | u (urn/ s )
I 7 . 5  | 6 . 07E+CO I " 3 -  1 \ 9 . 3 5 E + 0  1
I 7 . 2  J 5 . 6 5 E + C 0 1 - 3 . 4  | 6 . 44E+01
I 6 . 9  | 5 . 5 3 E + C 0 1 - 3 . 6  | 3 . 94E+0 1
| 6 . 6 ) 5 .  1 ft E+ CO 1 - 3 . 9  | 1 . 6 EE + 0 1
I 5 . 3  | 5 .  19E + C0 1 - 4 . 2  | 7 . 3 4 E+ 0 0
I 6 .  1 | 5 . 00E+C0 1 - 4 . 5  | 5 - 95E+OC
I 5 .  3 | 4 . 9 9 E + C 0 1 - 4 . 9  | 5 . 4 7 E+ 0 0
I 5 .  5 | S . 7 5 E + C 0 1 - 5 . 4  | 4 - C2E+00
I 5 .  2 | 5 . 6 6 E + C 0 1 - 5 . 9  | 4 . 9  1E+00
I 4.  9 | 3 . 5 7 E + C 0 1 - 6 . 5  | 5 . 1 6E + 0 0
I 4 . 6  | 5 . 6 3 E + C 0 1 - 7 .  1 j 5 . C2E+0 0
I 4 .  3 | 5 . 3 2 E + C 0 I----------------------
I 4 .  0 J 4 . 7 3 E + C 0 I
I 3 .  8 | 9 . 10E+C0 I
I 3 . 5  | 1 . 5 8 E+ C1 I
I 3 . 2  l 4 . 7 1E+01 I
I 2 . 9  | 7 . 6 3 E + C 1 I
I 2 . 6  | 1 . 2 4 E + C 2 I
l 2 .  3 | 2 . 04E+C2 I
I 2 . 0  | 3 . 3 4 E+0 2 I
I . 1 - 7  | 4 . 8 0 E + C 2 I
1 1 . 4  | 6 . 15E+02 I
1 1.  2 | 7 . 19E+C2 I
1 0 . 9  | 7 . 9 9 E + 0 2 I
1 0 . 6  | 6 . 7 2 E + C 2 I
1 0 .  3 | 9 . 2 6 E + C 2 I
1 0 . 0  | 9 . 5 3 E + C 2 I
1 - 0 . 2  | 9 . 5 1 E + C 2 I
1 - 0 . 5  | 9 . 3 9 E + C 2 I
1 - 0 . 7  | 9 . 14E+02 I
| - 1 . 0  | 6 . 19E+C2 I
1 - 1 . 3  | 7 . 6 2 E * C 2 I
I - 1 - 7  I 6 . 5 8 E + C 2 I
I - 1 . 9  I 5 . 5 6 E + C 2 I
I - 2 .  2 | 3 . 9 8 E + C 2 I
I - 2 . 5  | 2 . 2 9 E+02 I
I - 2 . 8  | 1 . 4 5 E + C2 I
T a b l e  E.  2:
X , = 1 - S E - 3p i
R e .  = 1 1 0 0  
P i
x / d  = 2 -  1
m = 1 . 4 9 E - 2  ( k g / s )
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1 6 4
T a b l e  e . 3:  E x p e r i m e n t  # 2 7
X - = 3 . 8 E - 3  
P i xw
= 3 . 5 E - 3
Re - = 1 1 0 0  
P i Rew
= 1200
x / d  = 4 . 2 r m/ 2 = 1 - 9 8 mm
m = 1.  4 8 E - 2 ( k g / s ) u = 516 (mm/s)
I z (mm) I u (mm/ s ) 1 z  [mm) j u [mm/s)  |
I 6 . 4  | 4 . 2 0 E + 0 0 1 - 5 .  1 j 1 . C4 E+ 0 1  1
J 6 . 0  | 4 . 4 6 E + 0 0 1 - 5 - 4 | 1 . 0 2 E + 0 1  I
I 5 . 7  | 4 .  15 E+ 0 0 1 - 6 . 0 ) 5 . 9 9 E + 0 0  I
I 5 - 5  | 4 - 0 6 E+0 0 1 - 6 - 6 j 4 - 7 S E + 0 0  |
I 4 . 9  | 5 . 6 6 E + 0 0 1 - 7 .  1 | 4 . 1 6 E + 0 0  I
I 4 . 6  I 8 . 0 8 E + 0 0 1 —
I 4 . 0  | 1 . 6 0 E + 0  1 1
I 3 . 8  | 2 - 7 3 E + 0  1 1
I 3 . 2  | 6 . 8 3 E + 0 1 1
I 2 - 9  | 1 . 0 6 E + 0 2 1
I 2 . 6  | 1 . 6 7 E + 0 2 1
I 2 - 3  | 2 . 6 4 E+ 0 2 1
I 2 . 0  | 3 . 7 8 E + 0 2 1
I 1 - 7  1 5 - 2 8 E+ 0 2 1
I 1 . 4  I 6 . 4 5 E + 0 2 1
I 1-1  I 7 . 6 9 E + 0 2 1
I 0 . 8  | 8 . 5 3 E + 0 2 1
I 0 - 6  | 6 - 9 5 E + 0 2 1
I 0 . 2  | 9 . 2 7 E + 0 2 1
I 0 . 0  1 9 - 4  1E + 02 1
1 - 0 . 2  | 9 . 3 6 E + 0 2 1
1 - 0 . 5  | 9 . 2 1 E + 0 2 1
1 - 0 . 8  | 8 . 8 7 E + 0 2 1
1 “ 1-1 I 8 . 2 9 E + 0 2 1
I - 1 . 4  I 7 . 4 1 E + 0 2 1
I - 1 - 6  J 6 . 5 7 E + 0 2 1
I - 2 . 0  | 4 . 3 5 E + 0 2 1
J - 2 . 2  j 3 . 9 5 E+ 0 2 1
I - 2 . 5  I 2 - 8 5 E + 0 2 1
I - 2 . 7  | 2 . 0 8 E+ 0 2 1
i - 3 - 1  | 1 . 2 7 E + 0 2 1
I - 3 . 4  j 9 . 7 7 E + 0 1 1
I - 3 - 7  | 6 . 4 4 E + 0 1 1
I - 4 . 0  J 3 - 9 5 E + 0  1 1
I - 4 . 3  | 2 - 4 9E+0  1 1
I - 4 . 5  | 1 . 7 5 E + 0 1 1
I - 4 - 8  | 1 . 3 5 E + 0  1 1
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Ta b l e  E . 4:  E x p e r i m e n t  S 2 3
V = 9 . 5 E - 3 Xw = 9 . 8 E- 3
Rep l = 1100 Rew = 1200
x /d = 1 0 . 5 r m/ 2
= 1 . 9 9 mm
m = 1 . 4 7 E - 2  ( k g / s ) U = 5 1 2 (mm/s)
| 2 (mm) | u (mm/s) j z  (mm) | u (ram/s)
8 . 7  I 4 . 8 5 E + 0 0 I - 3 - 3  | 1 . 2 7 E + 0 2
3 . 0  | 4 . 2 6  E +00 I - 3 . 6  | 9 . 3 3 E + 0 1
7 . 5  | 5 .  3 3 E+00 I - 4 - 7  | 3 . 6 8 E + 0 1
7 . 2  | 5 . 2 9 E + 0 0 I “ 5 . 3  | 1 . 5 2 E + 0 1
6 .  9 | 6 . 6 9 E + 0 0 I “ 5 - 9  | 1 . 3 6 E + 0 1
6 . 6  | 5 . 3 2 E+ 0 0 I - 6 . 4  l 6 . 2 4  E +00
6 . 3  | 5 . 8 7 E+ 0 0 I - 7 - 1  I 6 - 3 3 E + 0 0
6 . 1 | 7 . 5 9 E + 0 0 1 - 7 . 6  | 6 . 5 7 E + 0 0
5- 8 | 5 . 4 8 E + 0 0 1 - 8 - 1  I 3 - 2 5 E + 0 0
5 . 5  | 6 . 5 4 E +00 I - 9 . 6  | 4 . 2 5 E  + 00
5 . 0  j 1 . 9 2 E + 0 1 I - 9 . 2  | 5 . 3 5 E + 0 0
4.  7 | 9 . 8 6 E+ 0 0 1 - 9 - 8  | 9 - 2 8 E + 0 0
4.  a i 4 . 7  1E+0 1 ----------------------------
4 .  1 | 3 . 3 0 E + Q  1 1
3 .  9 | 6 . 6 4 E + 0 1 1
3.  6 | 8 . 51E+01 1
3 . 3  I 1 . 0 3 E+ 0 2 1
3 .  0 | 1.  16E + 02 1
2 . 7  | 1 . 9 9 E + 0 2 1
2 .  5 | 2 . 6 2 E + 0 2 1
2 . 2  | 3 . 2 9 E + 0 2 1
. 1 - 9  1 4 . 2 3 E + 0 2 1
1.  6 I 5 . 4 9 E + 0 2 1
1- 3 | 6 . 5 7 E + 0 2 1
1 . 0  | 7 . 5 1 E + 0 2 1
0 . 7  | 8 - 2 8 E + 0 2 1
0 .  2 | 9 . 0 1 E + 0 2 1
0-  0 | 9 . 14E+02 1
- 0 . 3  | 9 . 1 2 E+02 1
- 0 .  5 | 8. 8 6 E+ 0 2 1
- 0 .  9 | 8 . 5 9 E + 0 2 1
- 1-1  I 8 . 0 6 E + 0 2 1
- 1 . 4  | 7 . 1 9 E+ 0 2 1
- 1 . 7  | 6-  3 0E +0 2 1
- 2 . 0 I 4 . 9 9 E + 0 2 1
- 2 . 2  l 4 . 0 3 E + 0 2 1
- 2 . 5  | 3 . 0 5 E+ 0 2 1
- 2 . 8 | 2 . 2 2 E + 0 2 1
- 3 . 0  | 1 . 9 4 E + 0 2 1
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T a b l e  E.  E: E x p e r i m e n t  #29
X .  = 1.  4 E - 2  
P i
R e -  = 1 1 0 0  
P i
x / d  = 1 5 . 7 5  
in = 1.  4 7 E - 2 ( k g / s )
v = 1 . 3 E ~  
XW
= 2 . 1 4
m/ 2
u = 514
2
mm
(mm/s)
I z (mo) l u (mrn/s) I Z 'mm) | u ( n m / s )
I 9 . 6  | 4 . 37E + CO I - 2 - 4  | 3 - 6  1E + 02
I 9 . 0  | 4 . 7 6 E + 0 0 I - 2 . 7  | 2 . 9EE+02
I 8 .  a | 5 -  10E+C0 I - 2 . 9  J 2 - 3  EE + 02
I 7 . 9 ) 7 . 5 3 E + C 0 I “ 3 . 2  ) 1 . 8 9 E+02
I 7 .  4 i 6 . 4 2 E + C 0 I - 3 . 5  | 1 - 47E+02
I 6 .  9 J 7 . 01E+C0 I - 3 . 7  | 1 . 3 6 E+02
I 6 . 5  | 1 .  1 1E + C1 I - 4 . 0  | 1 . C4E+02
I 6 .  2 | 8 . 5 7 E + C 0 I - 4 . 6  j 6 . 9 2 E + 0 1
I 6 .  0 | 1 .  17E + C1 I - 5 .  1 | 6 . CSE+01
I 5 . 7  | 8 - 3 0 E+CO I - 5 . 7  | 1 . 85E+01
I 5 .  4 | 2 . 4 8 E + 0 1 I - 6 . 2  | 1 . 3 8 E+01
I 5 . 2  | 3 - 3 4 H+ C 1 I - 6 - 2  | 1 . 4CE + 0 1
I a .  9 | 4 .  39E + 01 I —6 . 8  | 5 . 7 2 E + 0 0
j 4 . 6 ) 4-  13 E + C1 I - 7 . 3  | 5 - 8EE+0C
I U. 3 8 . 2 5 E + C 1 I - 7 . 3  | 3 . 9CE+01
I 4 .  1 | 7 - 04E+C1 1 - 8 . 4  J 6 . 3SE+00
I 3 .  9 | 7 . 3 0 E + C 1 1 - 9 . 0  | 7 . 5 7 E+0 1
I 3 . 5  | 1 . 2 3 E + C 2 1 " 9 . 5  | 5 - 8  2E+0 C
I 3 . 2  | 1 . 3 7 E + C 2 1 - 1 0 . 1  | 5 . 2 2 E+00
I 3-  0 J 1 . 8 0 E + C 2 1 — -------------------------------- -------------------------------------------
I 2 . 7  | 2 . 3 7 E + 0 2 1
I . 2 .  4 i 3 . 2 6 E + C 2 1
I 2 . 2  | 4 . 2 2 E + C 2 1
I 1 . 9 ) 5 . 0 5 E + C 2 1
1 1 . 6  | 5 . 9 4 E+0 2 1
J 1 . 3  1 6 . 8 7 E + 0 2 I
1 1 . 1 ) 7 . 6 7 E + C 2 1
1 0 . 8  | 8 . 2 3 E + C 2 1
1 0 . 6  ) 9 . 5 4 E + C 2 1
I 0 . 3  | 8 - 7 7 E + C 2 1
1 0 . 0  | 9 . 9 6 E + 0 2 1
1 - 0 . 2  | 8 . 7 4 E + C 2 1
1 - 0 . 5  | 8 . 4 9 E + C 2 1
1 - 0 . 7  ) 8 - 0 8 E + C 2 1
1 " 1 . 0  | 7 . 6 7 E + C 2 1
I “ 1 . 3  | 6 - 8 6 E + 0 2 1
1 - 1 - 6  | 6 . 19E+C2 1
I “ 1 . 9  | 5 . 3 0 E + C 2 1
I “ 2- 1 | 4 . 3 7 E + C 2 1
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Table E.6; Experiment #30
Xpi = 1 . 9 E - 2 Xw = 1 . 9 E - 2
Rep l  = 1 100 Rew = 1200
x /d  = 2 1 . 0
r m/ 2
= 2 . 2 3 mm
m = 1 . 4 7 E - 3  ( k g / s ) u = 5 1 0 (mm/s)
I z (mm) | u -mm/s)  | z (mm) | u (o m / s )
10 . 3  | 5 . 3 8 E + 0 0 I - 2 . 2  | 4 . 5 2 E + 0 2
9 . 6  | 5 . 6 3 E + 0 0 I “ 2 . 5  | 3 . 7 5 E + 0 2
9 . 0  | 4 - 6 1 E + 0 0 ! - 2 . 8  j 3 - 0 7 E + 0 2
3 .  4 | 6 . 2 3 E + 0 0 I - 3 . 1  | 2 -  19E + 02
7 . 9  | 7 . 3 9 E + 0 0 1 " 3 - 4  | 2 - 0 9 E + 0 2
7 .  3 | 3 . 0 9 E +00 1 - 3 . 7  | 1 . 6 1 E  + 02
7 ,  0 | 1 . 8 6 E + 0 1 1 - 4 . 0  | 1 . 2 8 E  + 02
6 . 7  | 1 . 3 6 E + 0 1 1 - 4 . 3  1 9 . 9  1E + 01
6 . 4  | 2 . 0 4 E + 0 1 I - 4 . 9  J 7 . 9 0 E + 0 1
6.  1 | 2 . 2 6 E + 0 1 1 - 5 . 5  | 6 . 5 4 E + C1
5 . 3  | 3 . 3 3 E + 0 1 1 - 6 - 1  I 5 . 5 6 E + 0 1
5 . 5  | 4 . 34E+0 1 I —6 . 6  | 9 . 2 9 E + 0 0
5 .  2 | 5 . 44E+01 I - 7 . 2  J 4 . 9 7 E  + 00
5 . 0  1 5 - 2 3 E + 0 1 I “ 7 - 8  | 1 . 3 7 E + 0 1
4 . 7  1 8 . 5 0 E + 0 1 I - 8 . 4  | 6 . 4 3 E + 0 0
4 .  3 I 8 . 18E+01 I - 9 . 0  | 8 . 5 0 E + 0 0
4 . 0  ) 9 . 7 4 E+01 I - 9 . 6  | 3 .  96E + 00
3 . 7  | 1 . 2 2 E  + 02 I - 1 0 . 2  | 4 . 2 5 E + 0 0
3 . 5  | 1 - 7 7 E + 0 2 I - 1 0 . 8  | 4 . 4 5 E + 0 0
3.  2 { 2 . 2 9 E + 0 2 , --------------------------
2- 9 | 2 . 6 4 E + 0 2 I
2 . 6 | 3 . 3 2 E + 0 2 I
2 . 3  J 3 - 6 7 E + 0 2 I
2 . 0  | 4 . 5 6 E + 0 2 I
1 . 8  | 5 . 5 0 E + 0 2 I
1. ** I 6 . 2 3 E + 0 2 I
1.  1 J 6 . 8 7 E + 0 2 I
0 .  9 | 7 . 6 7 E + 0 2 I
0 .  5 | 8 . 0 8 E + 0 2 I
0 .  3 | 9 . 2 7 E + 0 2 I
0 - 0 ) 8 . 5 0 E + 0 2 I
- 0 . 2 | 9 . 3 5 E + 0 2 I
- 0 .  5 | 8 . 3 7 E+ 0 2 I
- 0 .  9 ) 9 .  1 2 E+02 I
- 1.  1 | 7 . 6 6 E + 0 2 I
- 1 . 3  | 7 .  15E + 02 !
- 1 . 7  | 6 . 4 2 E + 0 2 I
- 1 .  9 I 5 .  3 2 E+ 0 2 I
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T a b l e E . 7 : E x p e r i m e n t  #31
XP1
= 4 . 2 E - 3
Xw
1WintnIt 3
Rep l = 5 0 0 Rew
= 6 0 0
x /d = 2 ,  1 r m/ 2
= 1 - 9 3 mm
m = 8 ,  1 4 E - 3  ( X g / s ) lT = 2 8 4 (mm/s)
I z  (mm) | u (mm/s) z (mm) I u (mm/s)  |
I 6 . 9  j 2 . 6 0 E + 0 0 - 3 -  1 J 2 . 1 1 E + 0 1  I
I 6 - 7  | 2 . 7 9 E + 0 0 - 3 . 4  | 6 - 6 9 E + 0 0  |
I 6 . 4  | 2 . 4 7 E + 0 0 - 3 . 7  | 5 - 9 6  E +00 |
I 6 . 1  | 2 - 7 SE+ 0 0 - 4 . 0  | E - 1OE+00 |
I 5 . 9  | 2 . 4 1 E + 0 0 - 4 . 5  J 2 . 0 6 E + 0 0  |
I 5 - 6  | 2 . 7 0 E + 0 0 - 5 . 0  | E - 0 6 E + 0 0  |
I 5 . 3  | 2 .  9 7 E + 0 0 - 5 . 6  | 2 . 2 1 E + 0 0  j
I 5 . 0  | 2 . 8 7 E + 0 0 - 6 . 1  | 2 . 5 4 E + 0 0  |
I 4 . 9  J 2 - 9 4 E+ 0 0 - 6 . 7  | 2 . 5 4  E +00 |
I 4 - 5  | 3 .  6 0 E + 0 0
I 4 - 2  | 5 - 9  8E+0 0
I 4 . 0  | 1 - 03E+01
I 3 - 7  | 2 . 03E+0 1
I 3 . 4  | 3 . 9 4 E + 0 1
I 3 - 2  | 5 . 50E+01
I 2 . 9  | 9 . 0 2 E + 0 1
I 2 . 6  | 1- 13E + 02
I 2 . 4  | 1 . 7 0 E + 0 2
I 2 . 1 | 2 - 6 0 E + 0 2
I 1 . 9  I 3 .  15E+02
1 . 1 - 5  1 3-  8 3 E + 0 2
1 1 . 3 | 4 . 2 2 E+ 0 2
1 1 - 3  I 4 . 7 3 E + 0 2
I 0 . 9  | 5 . 0 2 E + 0 2
I 0 . 5  | 5 . 2 0 E+ 0 2
I 0 . 2  | 5 . 2 9 E + 0 2
I 0 - 0  | 5 - 3 3 E + 0 2
I - 0 . 5  | 4 . 9 9 E 4 0 2
I “ 0 - 8  j 4 . 7 5 E + 0 2
I - 1 . 0  | 4 . 3 5 F + 0 2
I - 1 - 3  | 3 . 8 7 E + 0 2
I - 1 - 6  | 3 . 0 6 E+ 0 2
| “ 1- 8  | 2- 3 8 E + 0 2
I - 2 . 1  | 1 . 5 0 E + 0 2
I - 2 - 4  | 9 . 4 2 E + 0 1
I “ 2 . 6  | 6 . 09E+0 1
I - 2 . 9  | 4 .  1SE+0 1
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T a b l e  E . E : E x p e r i m e n t  # 3 2
V = 8 , 4 E - 3 Xw
*wo1r~n •3
Repl = 5 0 0 Rew = 6 0 0
x / d = 4 .  2 cm/2 n « C
O mm
m = 8 .  1 0 E - 3  ( k g / s ) TT = 2 8 2 (mm/s)
1 z (am) | u (mm/s) I z  (mm) J u (mm/s
1 7 .  6 | 5 . 0 9 E + C 0 I - 3 . 9  | 4 - OSE+O1
1 7-  3 | 5 - 60E+C0 I “ 4-  1 | 2 - 6 S E + 0 1
1 7 . 0  | 5 . 8 7 E + C 0 I “ 4 . 4  | 1 . 6SE+01
I 6 . 7  | 5 - S 4 E+ G0 | - 4 - 6  | 1 - 07E + 0 1
I 6 . 4  | 5 . 6 3 E + 0 0 I - 4 . 9  | 3 . CCE+00
1 6 .  1 J 6 - 2 6 E + C 0 I - 5 . 2  | 5 - 7 9 E + 0 C
1 5 .  8 J 5 . 3 5 E + G 0 I - 5 - 5  | 5 .  17E + 30
1 5- 6 | 5 - 2 5 E + C 0 I - 6 -  1 | 6 -  1SE+00
1 5 . 2  | 6 .  18E + 00 I - 6 . 7  | 5 . 4  1E + 00
1 4.  9 | 6 . 9 6 E + C 0 I - 7 - 3  | 5 - 64E+0C
1 4 . 7  J 7 - 85E+C0 I - 7 . 9  | 5 - 86B+30
I 4 .  4 | 1.  10E + 01 I ---------------------------- --------------------
j 4 .  1 | 1 . 6 7 E+ C1 I
1 3 .  8 | 4 . 01E+C1 I
1 3 .  5 | 5 . 5 0 E + C 1 I
1 3 . 2  | 7 .  13E + 01 I
1 2-  9 | 9 . 2 6 E + C 1 I
1 2 . 6 | 1 . 3 8 E + 0 2 I
1 2 - 3  | 1 . 8 6 E + Q2 I
1 2 . 0  | 2 . 4 3 E + 0 2 I
1 1- 7 | 3 - 0 6 E + C 2 I
1 1 . 4 | 3 . 6 7 E + C 2 I
1 1-  2 | 4-  14E + C2 I
1 0 .  8 ( 4 . 5 6 E + C 2 I
1 0-  5 | 4 - 9 8 E + C 2 I
1 0 . 2 | 5 . 13E+C2 I
1 0-  0 | 5 - 14E+C2 I
1 - 0 . 2  | 5 .  10E + 02 I
1 “ 0 - 6  | 4 - 9 5 E + C 2 I
1 - 0 . 9  | 4 . 5 5  E+ C2 I
1 " 1 - 2  | 4 - 1 2E+C2 I
I - 1 . 4  | 3 . 6 5 E + 0 2 I
1 " 1 - 7  | 3 - 0 6 E + C 2 I
I - 2 . 0  | 2 . 4 1 E + G 2 I
I - 2 . 3  | 1 - 3 8 E+ C2 I
I - 2 . 5  | 1 . 4 1 E + 0 2 I
| - 2 - 9  | 9 . 6 1 E + C 1 I
I - 3 .  2 | 7 . 13E+C1 I
I - 3 . 5  | 5 . 4 0 E + 0 1 I
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T a b l e  E.  9:  E x p e r i m e n t  #3 3
V = 1.  1 E- 2 Xw
= 8 - Q E - 2
Rep l = 5 0 0 Rew
= 6 0 0
x / d = 5-  25 = 1 . 9 5  mm
m/ 2
in = 8 - 1 5 E - 3  ( k g / s ) U = 2 8 4  (ram /s)
| z  (mm) | u ( mm/ s )  | z  (mm) | u (mm/s)  i
I 7 . 9  | 5 . 16E+00 I - 2 . 5  I 1 . 5 4 E + 0 2  |
I 7 . 6  | 4 . 54E+C0 I -2.1  1 1 . 2 0 E + 0 2  J
I 7 . 4  | 3 . 3 3 E + 0 0 1 - 3 . 0  | 9 . 2 4 E + 0 1  |
I 7 . 1 1 4 .  0 5 E+ 0 0 I - 3 . 3  1 6 . 7 0 E + 0 1 I
1 6 . 3  1 4 . 0  I E +0 0 1 - 3 . 6  | 5 . 4 3 E + 0 1  |
1 6 . 5  | 4 . 2 9 E + 0 0 1 - 3 . 9  | 3 - 9 9 E + 0 1  |
1 6 . 3  | 3 . 9 4 E + 0 0 1 “ 4 . 2  j 2 . 3 2 E + 0 1  I
1 5 - 9  1 5.  0 6 E+ 0 0 1 - 4 . 4  1 2 - 3 9 E  + 0 1 |
1 5 . 6  1 5 . 0 6 E + 0 0 1 - 4 . 3  1 1 . 0 5 E + 0 1  I
1 5 . 3  | 5 . 8 2 E + 0 0 1 - 5 . 0  J 7 . 3 3 E + 0 0  |
1 5 . 0  | 7 . 7 2 E + 0 0 1 - 5 . 2  1 5 - 9 5 E + 0 0  |
1 4 . 3  | 9 . 7 3 E + 0 0 1 - 5 . 9  1 5 . 6 7 E + 0 0  I
1 4 . 5  1 1 . 5 4 E + 0 1 1 - 6 . 4  | 4 . 5 3 E + 9 0  I
1 4 . 2  | 2 . 3 5 E + 0 1 I - 7 . 0  1 3 . 8 3 E + 0 0  ' |
1 3 . 9  J 3 . 5 4 E + C 1
1 3 . 7  J 4 . 6 9 E + 0 1 1
1 3 . 3  1 6 . 3 0 E + 0 1 I
1 3 . 1 1 7 . 6 6 E + 0 1 1
1 2 - 8  J 1 . 0 0 E+ 0 2 1
1 2 . 5  1 1.  4 5 E + 0 2 1
1 2 . 3  | 1 . 8 7 E + 0 2 1
1 2 . 0  J 2 . 4 2 E+ 0 2 1
1 1 - 7  1 2 . 9 G E + 0 2 1
I 1 . 4 | 3 . 5 5 E + 0 2 1
1 1 . 4  | 3 . 5 2 E + 0 2 1
| 1 . 1 1 4 . 1 0 E+0 2 1
1 0 . 8  1 4 . 5 2 E + 0 2 1
1 0 . 5  | 4 . 9  0E+0 2 1
1 0 . 2  1 5 .  0 9 E + 0 2 1
1 0 . 0  | 5 .  0 9 E+ 0 2 1
1 “ 0 . 2  1 E . 0 5 E + 0 2 1
1 - 0 . 4  1 4 . 9 4 E + 0 2 1
1 " 0 . 7  | 4 . 7 1 E + 0 2 1
1 - 1 . 1  I 4 . 3 3 E + 0 2 1
I - 1 - 3  J 3 . 8 7 E + 0 2 1
I - 1 - 3  | 3 . 3 7 E + 0 2 1
l - 1 . 6  I 3 . 2 9 E + 0 2 1
I - 1 . 9  J 2 . 56E+C2 1
I - 2 . 2  | 2 .  0 3 E+ 0 2 1
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17 1
XP1
Rep l
x /d
m
= 2 .  1 E- 2  
= 5 0 0  
= 1 0 - 5  
= 8 - 1 6 E - 3
T a b l e  E . 1C; 
( k g / s )
E x p e r i m e n t
xw = 1 - 8E-
Re =6  00 w
cm/ 2  = 2 - ° °
U = 2 8 4
#34
2
mm
(ram /s)
I z  (mm) ) u (mm/s) 1 z  (mm) | u (mm/s)  |
I 1 0 . 3  J 3 . 05E +00 1 -  1 . 9 | 2 - 2 3 E  + 02 1
I 9 . 5  | 3 . 2 0 E  + 00 1 - 2 . 2 | 1 . 8 8 E + 0 2  j
I 9 . 2  | 3 . 0 9 E+ 0 0 1 - 2 . 5 | 1 . 5 2 E + 0 2  |
I 8 . 7  | 3 - 9 6 E + 0 0 1 - 2 . 7 | 1 . 3 3 E + 0 2  |
I 3 . 1  | 3 . 5 1 E + 0 0 1 - 3 .  0 j 1 . 0 7 E + 0 2  J
I 7 . 5  | 3 - 9 7 E + 0 0 1 - 3 . 2 | 9 . 0 3 E + 0 1  |
I 7 . 0  | 3 . 9 7 E + 0 0 1 - 3 .  5 | 7 . 4 9 E + 0 1  |
I 6 - 7  | 4 - 0 7 E+ 0 0 1 - 3 . 8 ) 6 . 4 4 E + 0 1  |
I 6 . 4  | 4 . 4 7 E + 0 0 1 - 4 . 3 | 4 . 3 1 E + 0 1  |
I 6 . 2  | 5 . 5 4  F +00 1 - 4 .  9 j 3 . 2 9 E + 0 1  I
I 5 . 9  | 6 . 0 2 E+ 0 0 1 - 5 . 4 | 1 . 7 9 E + 0 1  |
I 5 . 6  | 7 .  1 7 E+00 1 - 6 . 0 ) 1 . 1 0 E + 0 1  |
I 5 . 4  | 8 - 3 3 E + 0 0 1 - 6 . 5 j 8 . C 7 E + 0 0  |
I 5 . 1  | 1 . 27E+01 1 - 7 . 0 j 5 . 9 9 E + 0 0  |
I 4 . 8  J 2 . 0 7 E + 0 1 1 - 7 . 6 | 5 . 0 8 E + 0 0  |
I 4 . 5  | 2 . 95E+01 1 - 3 .  1 | 4 . 1 9E+00 |
I 4 . 3  | 4 - 18E+0 1 1 - 8 . 7 | 3 - 7 8 E + 3 0  |
I 4 . 0  I 5 .  10E+01 1 - 9 . 2 | 4 . 04E + 00 |
I 3 - 7  | 6 . 1 1E+0 1 J - 9 . 8 | 3 . 5 2 E + 0 0  |
I 3 . 4  | 7 . 5 6 E + 0 1 1 -  1 0 .  4 1 3 - 9 7 E + 0 0  |
I 3 . 2  | 8 . 84E+01 1 - 1 0 . 9 | 3 . 6 9 E + 0 0  |
I 2 . 9  j 1 - 1 3 E+0 2 | —
1 2 . 6  | 1 . 4 6 E + 0 2  |
1 2 - 4  | 1 . 7 9 E + 0 2  |
1 2 . 1  ) 2 . 1 9 E + 0 2  1
I 1 . 8  | 2 . 6 1 E + 0  2 |
I 1 . 6  | 3 . 0 4 E + 0 2  |
1 1 . 3  | 3 . 6 2 E + 0 2  |
1 1 . 0  | 4 . 0 0 E + 0 2  |
1 0 - 7  | 4 . 2 6 E + 0 2  |
I 0 . 5  | 4 . 4 4 E + 0 2  |
1 0 . 2  | 4 . 5 5 E + 0 2  |
1 0 . 0  | 4 . 5 9 E + 0 2  |
1 **0 . 2  | 4 . 5 4 E + 0 2  |
1 - 0 . 5  | 4 . 3 9 E + 0 2  |
1 - 0 - 8  | 4 . 1 6 E + 0 2  |
1 - 1 . 0  | 3 . 9 8 E + 0 2  |
1 “ 1 - 3  | 3 - 3 0 E + 0 2  J
I “ 1-6  | 2 . 7 3 E + 0 2  |
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T a b l e  E. 11:  E x p e r i m e n t  #3 5
XP1
= 3 .  2 E - 2 Xw = 2 . 6 E - ■2
Rep l
= 5 0 0 Rew = 6 0 0
x / d = 1 5 . 7 5 to = 2 . 3 0 mm
m = 8 . 0 2 E - 3  ( K g / s ) U = 2 7 9 (mm/s)
I 2 (mm) I u (mm/s) I z  (mm) | u ( m n / s )  I
| 1 0 . 6  j 2 . 9 9 E + 0 0 I - 1 - 7  | 2 . 7 9 E  + 02 J
I 9 . 9  | 2 - 9 6 E + 0 0 1 - 1 . 9  | 2 . 4 6 E + 0 2  i
1 9 . 4 | 3 . 3 4 E + C 0 I - 2 .  2 j 2 . 1 9 E + 0 2  |
I 8 . 8  | 3 - 3 2 E + C 0 I - 2 . 5  | 1 . 8 3 E + 0 2  |
1 8 . 2  1 3 . 9 3 E+0 0 I - 2 . 3  | 1 . 5 4 E + 0 2  I
1 7 . 6  ] 2 . 5 3 E + C 1 I - 3 . 1  | 1 . 2 8 E  + 02 |
1 7 . 3  | 1 .  C9E + 01 I - 3 . 3  J 1 . 0 8 E  + 02 I
1 7 . 0  | 1 . 01E+01 I - 3 . 7  | 9 . 4  1E+01 I
1 6 . 3 | 1 . 3 2 E + 0 1 I " 4 . 2  | 7 . 2 9 E + 0 1  I
1 6 . 5  | 1 . 65E+01 I - 4 . 8  | 5 - 7 8 E + 0 1  1
I 6 . 2 I 2 .  02E+01 I - 5 .  4 | 4 . 6 1 E  + 01 I
I 6 . 0  | 2 . 4 4 E + C 1 I - 5 . 9  | 3 . 6 9 E + 0 1  |
1 5 . 6  | 3 . 2 3 E + C 1 l - 6 . 4  | 2 - 5 0 E  + 01 I
1 5.  4 | 3 . 3 6 E + 0 1 I - 7 . 0  | 1 . 3 0 E  + 01 I
1 5.  1 | 4 . 6 4 E + C 1 I - 7 . 6  | 1 . 3 5 E  + 01 I
1 4 . 9  1 5 . 41E+01 I - 3 . 2  j 7 . S 4 E + 0 0  1
1 4 .  5 I 6 . 4 2 E + 0 1 I - 8 .  5 | 8 . 0 5 E  + 00 1
1 4 .  2 | 7 . 2 3 E + C 1 I - 3 . 8  J 6 . 3 5 E + 0 0  |
1 3 . 9  1 
I 3 .  7 |
8 . 46E+C1 
9 . 5 9 E + C 1
I - 9 . 3  |
, ----------------------------
5 - 5 6 E + 0 0  1
1 3 . 4  | 1 - 1 1 E + 0 2  |
1 . 3 .  1 | 1 . 3 5 E + 0 2  }
I 2 . 8  | 1 . 5 5 E + C 2  |
| 2 . 5  I 1 . 3 1 E + 0 2  |
I 2 . 3  | 2 - 0 4 E + 0 2  |
I 1 . 9 | 2 . 5 7 E + C 2  I
1 1- 6 | 2 . 9 3 E + C 2  |
1 1 . 4  | 3 . 2 6 E + 0 2  |
I 1- 1 1 3 - 56E+ C2 |
1 1 . 1 1 3 . 5 3 E + C 2  I
1 0 . 8  1 3 . 8 4 E + 0 2  I
1 0 . 5  J 3 . 9 7 E + 0 2  |
1 0 . 2  1 4 . 1 3 E + C 2  |
1 0 . 0  | 4 . 2 0 E + C 2  J
1 - 0 . 2  1 4 . 1 6 E + 0 2  I
1 - 0 . 5  | 3 . 9 9 E + C 2  J
1 - 0 . 3  | 3 . 7 3 E + C 2  J
1 - 1- 1  I 3 - 5 5 E + C 2  j
I - 1 . 3  | 3 .  16 E + 02 |
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T a b l e  E. 12: E x p e r i m e n t #36
*pl = 4 .  2 E - 2 Xw
= 3 » 5E- 2
*ep l = 5 0 0 Rew
= 6 0 0
c/d = 2 1 . 0 rm/2 = 2 . 5 2 mm
n = 8 .  2 2 E - 2 ( k g / s ) u = 2 6 6 (mm/s)
1 z  (ram) J u ( mm/ s ) I z (mm) | u (mm/s) I
1 1 1 . 9  I 3 . 0 7 E + 0 0 I -  1 . 3 | 3 . 2 1E + 02 I
I 1 1 . 4  | 7 . 3 3 E + 0 0 I -  1.  6 j 2 - 9 7 E + 0 2 I
J 1 0 . 9  | 4 . 3 9 F +0 0 I - 1 . 8 | 2 . 7 3 E + 0 2 1
I 1 0 - 3  | 5 - 9  1E+00 I - 2 .  1 | 2 - 4 6 E + 0 2 1
I 9 . 9  l 4 . 8 2 E + 0 0 I - 2 . 3 | 2 . 19E + 02 1
I 9 . 3  I 7 . 3 3 E + 0 0 I - 2 . 6 | 1 . 9 9 E + 0 2 1
I 3 . 3  | 6 . 9 4 E+ 0 0 I - 2 .  9 j 1 . 7 3 E + 0 2 1
I 8 . 2  | 7 . 5 9 E + C 0 I - 3 .  1 | 1 . 5 9 E + 0 2 1
1 7 . 7  | 3 . 3 9 E + 0 0 I - 3 . 4 | 1 . 3 4 E + 0 2 1
I 7 . 2  | 1 . 2 4 E + 0 1 I - 3 . 7 | 1 . 1 9 E + 0 2 1
| 6 . 7  | 1 . 3 3 E  + 0 1 I - 3 . 9 J 1 . 0 2 E + 0 2 i
1 6 . 1  | 1 . 7 8 E + 0 1 I - 4 . 2 | 9 . 2 4 E + 0 1 1
I 5 . 6  I 2 . 3 6 E + 0 1 I - 4 .  5 j 7 . 9 7 E + 0 1 1
I 5 . 3  I 2 . 9 1 E + 0 1 I - 4 . 7 | 6 . 5 9 E + 0 1 1
I 5 . 0  | 4 . 3 9 E + 0 1 I - 5 . 0 | 6 . 7 3 E + 0 1 1
I 4 . 7  | 4 . 20E+0  1 I - 5 .  6 | 4 . 3 9 E + 0 1 1
I 4 . 5  | 4 . 8 1 E + 0 1 I - 6 . 0 | 3 . 3 0 E + 0 1 1
I 4 . 3  | 7 . 0 3 E + 0 1 I - 6 . 6 | 2 . 3 5 E + 0 1 1
I 3 . 9  J 7 . 9 3 E + 0 1 i - 7 .  1 | 1 . 4 0 E + 0 1 1
I 3 . 7  J 9 - 4 5 E + 0 1 I - 7 . 7 | 1 . 6 1E + 01 1
1 3 . 4  | 1 . 0 4 E+ 0 2 I - 9 . 2 | 9 . 9 7 E + 0 0 1
1 . 3 - 1  | 1 . 2 1 E + 0 2 I - 8 . 7 | 7 . 5 2 E + 0 0 1
1 2 . 9  | 1 . 3 6 E + 0 2 I - 9 . 3 | 9 . 4 1 E + 0 0 1
1 2 . 6  I 1 - 5 7 E + 0 2 I - 9 . 8 ) 7 . 3 4 E + 0 0 1
1 2 . 3  | 1 . 9 1 E+ 0 2 I - 1 0 . 3 | 5 . 9 2 E + 0 0 1
1 2 . 1  | 2 . C8E+02 I - 1 0 . 9 | 7 . 3 5 E + 0 0 1
i 1 . 9  l 2 . 3 4 E + 0 2 I —
1 1 . 6  I 2-  6 7 E+ 0 2 I
1 1 . 3  | 2 . 9 4 E+ 0 2 I
1 1- 0  | 3 .  1 7 E+02 l
1 0 . 7  | 3 . 3 9 E + 0 2 I
1 0 . 5  | 3 . 4 9 E + 0 2 I
1 0 . 2  J 3 . 7 8 E + 0 2 I
1 0 . 0  i 3 - 7 8 E + 0 2 I
1 - 0 . 2  | 3 . 7 4 E + 0 2 I
1 - 0 . 5  | 3 . 5 7 E + 0 2 I
1 - 0 . 7  ) 3 . 5 4 E + 0 2 I
1 - 1 . 0  | 3 . 4CE+02 I
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1 7 4
Ta b l e  E. 1 3;  E x p e r i m e n t  # 3 7
X , = 5 . 3 E - 2 X = 4 . 4 E - •2
p i w
Rep l
= 5 0 0 Rew = 6 0 0
x / d = 2 5 . 3 r m/ 2 = 2 . 7 9 mm
m = 9 . 0 6 E - 3  ( k g / s ) u = 231 •mm/s)
| z (mm) | u (mm/s) | z (mm) I u (mm/s) I
9 . 8  | 3 . 4 5 E + 0 0 I - 2 - 1  J 2 - 0 5 E + 0 2
9 . 7  | 5 .  7 0E + 00 I - 2 . 4  | 1 . 3 7 E + 0 2
8 .  2 | 1- 15E + 0 1 I " 2 - 6  J 1 - 7 2 E + 0 2
7 . 7  | 1 . 3 0 E+01 I - 2 . 9  J 1 . 5 5 E + 0 2
7 .  1 I 1 - 89E + 0 1 I - 3 - 1  | 1 . 3 9 E + 0 2
6 .  9 | 2 . 16E+01 I - 3 . 5  J 1 . 2 3 E  + 02
6. 6 | 2 - 8 8 E + 0 1 1 - 4 . 0  | 9 . 7 2 E + 0 1
6 .  4 | 3 . 5 0 E + 0 1  • 1 - 4 . 5  | 7 . 4 9 E + 0 1
6 . 0 | 3 . 6 2 E + 0 1 1 “ 5 - 0  | 6 . 7 5 E + 0 1
5 . 8  | 4 . 89E + 0 1 1 “ 5 - 6  | 5 . 5 5 E + 0 1
5.  5 | 5 . 19E+01 1 - 5 . 9  | 5 . 0 3 E + 0 1
5 .  3 | 5 .  5 8 E +0 1 1 - 6 . 1  | 4 . 6 2 E  + Q1
5 . 0  | 6 . 5 9 E + 0 1 I - 6 . 7  | 3 - 5 5 E + 0 1
4 - 7  | 7 - 2 5 E + 0 1 I - 7 . 2  I 2 - 2 7 E + 0 1
4 . 4  | 9 . 22E+01 I - 7 . 7  | 1 . 3 3 E + 0 1
4 . 2  | 9 . 19E+01 I “ 8 . 2  | 9 . 6 6 E + 00
3 . 9  | 1 . 0 4 E+ 0 2 I - 3 . 9  | 9 . 3 5 E  + 00
3 - 6  | 1 - 2 1 E + 0 2 1 - 9 - 3  | 6 . 6 7 E + 0 0
3 .  4 | 1 . 3 6 E + 0 2 1 - 9 . 9  | 3 . 5 3 E + 0 0
3 .  1 | 1 . 4 9 E + 0 2 I --------------------------
2 - 8 | 1 - 6 6 E + 0 2 1
. 2 .  6 | 1 . 9 6 E + 0 2 1
2 - 3  | 2 -  1 IE +02 1
2 . 1 | 2 . 3 2 E + 0 2 1
1 . 8  | 2 . 4 9 E + 0 2 1
1 . 5  | 2 . 7 4 E + 0 2 1
1- 3 | 2 - 8 9 E + 0 2 1
1 . 0  | 3 . 0 6 E + 0 2 1
0 . 7  | 3 - 2 2 E + 0 2 I
0 . 4  | 3 . 3 1 E + 0 2 1
0 - 2 | 3 - 3 8 E + 0 2 1
0 . 0  | 3 .  3 9 E + 0 2 1
- 0 .  2 | 3 - 3 4 E+ 0 2 1
- 0 . 5  | 3 . 2 9 E + 0 2 1
- 0 . 7  | 3 . 1 6 E+02 1
- 1 . 0  | 2 . 9 7 E + 0 2 1
- 1 . 3  | 2 - 7 6 E + 0 2 1
- 1 . 6  | 2 . 4 4 E + 0 2 1
- 1 . 8  I 2 - 2 4 E + 0 2 1
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1 7 5
T a b l e  E . 1 4 : E x p e r i m e n t  #3 9
XP1 = 6 . 3 E - 2
R6p l = 5 0 0
x /d = 3 1 . 5
m = 9 . 0 5 E - 3 {kg /s )
Xw
= 5 . 3 E - 2
Rew
= 6 CO
r m/ 2
= 2 . 9 5  mm
u = 2 9 0  {mm/s)
I z  {mm) | u {mm/s) I z  (mm) I u (mm/s)  |
I 1 2 . 0  | 4 . 4 8 E + 0 0 I - 0 . 7  | 2 - 8 3 E 4 0 2  |
| 1 1 . 5  | 6 . 2 8 E + 0 0 I - 1 . 0  | 2 . 7 0 E 4 0 2  |
I 1 1 . 0  | 4 . 4 6 E+ 0 0 I - 1 . 2  | 2 - 5 6 E 4 0 2  |
I 1 0 . 5  | 5 . 5 0 E + 0 0 I - 1 . 4  j 2 . 4 1 E 4 0 2  I
I 9 . 9  | 6 - 8 9 E + 0 0 I - 1 . 7  | 2 . 1 8 E 4 0 2  |
I 9 . 4  | 6 . 4 1 E + 0 0 I - 2 . 0  | 2 . 0 3 E + 0 2  I
I 8 . 9  | 6 - 7 C E + 0 0 I — 2 . 3  j 1 . 8 5 E + 0 2  I
| 9 . 3  | 1 . 22E+01 I - 2 . 5  | 1 . 6 9 E 4 0 2  |
| 7 . 8  | 1.  13E+0 1 I - 2 . 8  | 1 . 5 5 E + 0 2  1
| 7 . 3  | 1 . 9 1 E + 0 1 I - 3 .  1 | 1 . 3 9 E 4 0 2  |
I 6 . 9  | 2 . 7 9 E + 0 1 I - 3 . 3  | 1 . 3 0 E 4 0 2  |
I 6 . 5  | 3 . 08E+01 I - 3 - 6  | 1 . 1 5 E 4 0 2  |
I 6 . 2  | 3 . 9 7 E + 0 1 \ - 4 .  1 | S . 5 7 E 4 0 1  I
I 6 - 0  i 4 . 79E+0 1 I - 4 . 6  | 8 . 0 0 E 4 0 1  |
I 5 . 7  ] 4 . 22E+01 I - 5 . 2  J 6 . 6 9 E 4 0 1  I
I 5 - 5  | 5 .  0 1E+0 1 I - 5 . 7  | 5 . 4 2 E 4 0 1  |
] 5 . 2  | 6 . 4 1 E + 0 1 I - 6 . 2  | 4 . 2 9 E 4 0 1  |
I 4 . 9  | 1 . 77E+0 1 I - 6 . 7  | 4 . 0 3 E 4 0 1  |
I 4 . 6  | 7 . 7 7 E + 0 1 I - 7 . 2  | 2 . 5 9 E 4 0 1  |
] 4 . 4  | 9 . 35E+0 1 I - 7 . 9  | 2 . 9 3 E 4 0 1  |
I 4 . 2  | 9 .  19E+01 I - 8 . 3  | 1 . 2 2 E 4 0 1  |
I . 3 . 9  | 1 . 0 0 E+0 2 I - 9 . 9  | 1 . 0 6 E 4 0 1  |
I 3 - 7  | 1. 14E+02 I - 9 . 3  | 9 . 7 1 E 4 3 0  I
I 3 . 4  | 1 . 3 6 E + 0 2 I - 9 . 9  | 9 . 1 1 E 4 3 0  |
I 3 . 1  | 1 . 4 7 E + 0 2 I - 1 0 . 4  | 7 . 0 1 E 4 0 0  |
I 2 . 8  | 1.  6 IE +0 2 I - 1 C . 9  | 5 . 1 6 E 4 3 0  I
I 2 . 6  | 1. 9 2 E 4 0 2 I - 1 1 . 4  | 6 . 9 4 E 4 3 0  I
I 2 - 4  | 2 . 0 6 E 4 0 2 I -
I 2 . 1  I 2 . 2 4 E 4 0 2 I
I 1 . 8  | 2 . 2 6 E 4 0 2 I
I 1 . 6  | 2 . 5 7 E 4 0 2 I
I 1 . 3  | 2 . 7 4 E 4 0 2 I
I 1 . 0  | 2 . 9 6  E 402 I
I 0 . 8  J 2 . 7 6 E 4 0 2 I
I 0 . 5  j 3 . 0 0 E 4 0 2 I
I 0 . 2  | 3 - 0 2 E 4 0 2 I
I 0 . 0  | 3 . 0 6  E 402 I
I - 0 . 1  | 2 .  9 5 E 4 0 2 I
I - 0 . 4  | 2 . 9 1 E 4 0 2 I
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1 7 6
T a b l e  E. 1 5:  E x p e r i m e n t  #3 9
X , = 8 , 4 E - 2 X = 7 ,  0 E--2
p i w
Rep l
= 5 0 0 Rew = 6 0 0
X/d n to * o V 2 = 3 - 4 2 mm
«
m = 8 - 0 3  E ~3 ( f cg / s ) u = 2 8 0 (mm/s)
I z  (mm) | u (mm/ s ) I z  (mm) l u (mm/s)  |
| 1 2 . 2  | 6 . 7 3 E 4 0 0 I - 0 . 4  | 2 . 5 5 E 4 0 2  |
I 1 1- 8  | 8 . 4 7 E + 0 0 I - 0 . 7  I 2 - 5 2E4 02 |
I 1 1 - 2  | 6 . 5 1 E + 0 0 I - 1- 0  ( 2 . 4 9 E 4 0 2  I
I 1 0 . 7  | 8 . 4 3 E + 0 0 I - 1- 2  | 2 - 4 0 E 4 0 2  |
| 1 0 . 2  ] 7 .  62E 400 I - 1 - 5  I 2 . 3 3 E 4  02 )
I 9 . 6  | 9 . 5 3 E 4 0 0 I - 1 - 7  J 2 . 2 6 E 4 0 2  I
I 9 .  1 | 9 . 24E 40 0 I - 2 . 0  I 2 - C 8 E 4 0 2  |
1 3 . 6 ] 1. 0 4 E4 0  1 I - 2 . 3  I 1 . 9 6 E + 0 2  I
I 8- 1  | 1.  4 7 E4 0  1 I - 2 . 5  I 1 . 8 8 E + 0 2  I
I 7 . 5  | 1 . 3 9 E4 0 1 I - 2 .  8 | 1 . 7 2 E 4 0 2  I
I 7 . 0  | 2 .  17E401 I - 3 . 1  l 1 . 6 4 E + 0 2  1
I 6 . 7  I 2 . 9 9 E 4 0 1 I " 3 . 3  | 1 . 4 9 E 4 0 2  I
I 6 . 5  | 3 . 0 6 E 4 0 1 I - 3 . 8  | 1 . 2 2 E 4 0 2  I
| 6 . 2  | 4 . 3 9 E 4 0  1 I “ 4 . 4  I 1 . 0 6 E 4 0 2  I
I 6 . 0  | 3 . 4 6 E4 0 1 I - 4 . 9  | 9 . 4 6 E 4 0 1  I
I 5 . 7  | 6 . 8 0 E 4 0  1 I - 5 - 4  J 8 . 0 0 E 4 0 1  |
I 5 . 5  | 5 . 6 0 E 4 0 1 I - 5 . 9  | 6 . 3 3 E 4 0 1  I
I 5 . 2  | 7 . 5  1E401 I - 6 . 4  I 6 . 1 0 E 4 0 1  I
I 5 . 0  | 6 . 5 7 E4 0 1 I - 7 . 0  | 5 . 2 7 E 4 0 1  I
I 4 . 7  | 7 .  8 4 E 40 1 I - 7 . 5  | 4 - 7 3 E 4 C 1  I
I 4 . 4  I 3 . 6 9 E 4 0 1 I - 8 . 0  | 3 . 3 2 E 4 0 1  I
I . 4 . 2  I 9 .  6 I E 40 1 I - 8 . 6  J 3 . 6 2 E 4 0 1  I
I 3 . 9  | 1 . 0 3 E 4 0 2 I - 9 . 1  | 2 . 3 9 E 4 0 1  I
I 3 . 6  | 9 . 2  1E401 I - 9 - 6  | 2 - 4 0 E + 0 1  I
I 3 . 3  I 1 . 2 9 E 4 0 2 l - 10 -  1 I 1 . C3 E+ 0 1  I
l 3 . 1 | 1 . 2 6 E 4 0 2 | - 1 0 . 6  | 9 . 1 3 E 4 0 0  I
1 2 . 8  | 1 . 5 0 E 4 0 2 I - 1 1 . 1  | 7 . 7 5 E 4 0 0  I
1 2 . 6  | 1 . 6 3 E 4 0 2 , ----------------------------
I 2 . 4  I 1 . 7 4 E 4 0 2  |
I 2 . 1 I 1 . 8 6 E 4 0 2  I
1 1- 8  | 2 . 0 0 E 4 0 2  I
1 1 . 6 ) 2 . 1  1E 402 |
1 1 . 3  1 2 . 2 4 E + 0 2  J
1 1 . 0  J 2 . 3 5 E 4 0 2  I
1 8 . 0  | 2 . 4 3 E 4 0 2  I
1 0 . 5  1 2 . 5 3 E 4 0 2  |
1 0 . 2  1 2 . 5 7 E 4 0 2  |
1 0 . 0  1 2 . 5 9 E 4 0 2  |
1 - 0 - 2  | 2 - 5 6 E 4 C 2  J
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1 78
T a b l e  F .  1; E x p e r i m e n t  84 0
V = 1,  2 E - 3 x«
II • 0 td 1 3
Rep l
= 1700 Rew = 2100
x/d = 2-  1 rm/2 = 1 - 9 4 mm
m = 4 - 5 E - 2 ( k g / s ) u = 1 5 6 8 (mm/s)
j 2 (mm) | u ( o n / s )  I 2 [mm) I u ' a m / s )  I
5 . 9  | 1 . 3 7 E+ C1 I - 3 . 9  | 2 . 4 2 E + 0 1  I
5-  6 | 1 - 2 2 E+C1 I - 4 . 2  | 8 . 5 1 E  + 0C |
5 . 3  | 4 .  99E + C0 I “ 4 . 7  | 1 . 8 5 E + 0 1  |
5 .  1 | 1- 16E + C1 I - 5 - 3  | 7 . C 7 E + 0 0  I
4 .  9 | 4 . 3 9 E + 0 0 I - 5 . 9  | 6 . C C E + 0 0  |
4 .  5 | 2 . 00E+C1 I -------------------------
I 4 .  2 I 7 . 6 9 E + C 0  |
I 4-  0 | 5 . 7 1 E + C 1  |
I 3 . 7  | 4 . 9 1 E + 0 1  |
1 3 - 4  | 5 - 3 3 E + C1  |
1 3 .  2 | 1 . 2 0 E + C2  |
1 2 . 9  | 2 . 0 8 E + C 2  |
1 2 . 7  J 3 . 2 0 E + C 2  1
1 2 . 4  | 6 . 7 4 E + C 2  |
1 2 .  1 j 1 . 0 9 E + C 3  |
I 1-  8 | 1 - 5 9 E+ C3  |
I 1 . 6  | 1 . 9 5 E + C 3  |
I 1 - 3 | 2 - 2 2 E + C 3  |
1 0 .  9 | 2 . 6 5 E + C 3  |
1 0 - 5 | 2 . 7 2 E + C 3  |
1 . 0 . 3  | 2 . 7 8 E + C 3  |
1 0 - 0 | 2 . 8 1 E + C 3  |
1 - 0 . 2  | 2 . 7 9 E + C 3  |
1 - 0 . 5  | 2 . 7 4 E + Q 3  |
I - 0 . 7  | 2 . 6 3 E + C 3  |
1 - 1 . 0  | 2 . 4 3 E + C 3  |
I - 1 - 3  | 2 - 1 5 E + C 3  |
I - 1 . 5  | 1 . 9 3 E + 0 3  |
I - 1 - 8  I 1 - 4 6 E+ C3  |
I - 2 . 1  | 1 . 0 0 E + C 3  |
I “ 2 - 3  | 5 - 4 4 E + C 2  |
I - 2 . 3  | 5 . 4 6 E + C 2  |
I - 2 . 6  | 2 - 3 3 E + 0 2  |
I - 2 . 9  j 1 . 5 7 E + C 2  |
I - 3 - 2 | E . 3 2 E+ C1  l
1 - 3 . 5  | 6 . 5 4 E + C 1  |
1 - 3 . 7  | 4 - 9 6 E+ C1  |
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T a b l e  F . 2 : E x p e r i m e n t  #4 1
xp l = 1 . 9 E - 3 xw
= 1 . 4 E - 3
Rep l
= 1100 Rew = 1 5 0 0
x / d = 2 .  1 r m/ 2 = 1 . 9 3 mm
n\ = 3 . 3 2 E - 2  t k a / s ) u = 1 155 Jmm/s)
I z  Jmm) I u fmm/s) I z I mm) I u ( n m / s )  |
I 8 . 3  | 4 . 4 2 E + C 0 I - 3 . 5  | 4 - S 6 E  + 01 |
I 7 .  3 I 5 . 44E + CO I - 4 . 0  | 1 . 3 7 E + 0 1  I
I 7 .  3 | 5 - 8 8 E + C 0 I - 4 - 6  | 9 . 3 5 E + 0 C  !
I 6 . 7  | 4 . 10E+C0 I - 5 .  1 | 4 . 9 C E + 0 0  |
I 6 . 2  I 4 . 4 6 E + C 0 I “ 5 - 7  | 9 . 3 2 E + 0 G  |
I 6 . 0  | 1 . 2 3 E + 0 1 I - 6 . 2  l 7 . 3 2 E  + 00 |
I 5 . 3  | 8 . 6 1 E + C 0 I - 6 . 7  | 4 . 6 5 E + 0 C  |
I 4 .  9 | 4 . 46E+C0 I - 7 . 3  J 1 . 0 5 E + 0 1  I
I 4 . 6 | 5 - 8 3 E + C 0
I 4 .  3 | 6 . 5 7 E + C 0  |
I 4 .  0 | 1 . 7 0 E+ C1  |
I 3 . 7  | 3 . 4 0 E + C 1  |
I 3 .  4 | 6 . 3 1 E + C 1  j
I 3 .  2 | 7 . 9 3 E + 0 1  |
I 2 .  9 | 1 . 2 8 E + C 2  |
I 2 . 7  J 2 . 4 6 E + 0 2  |
I 2 . 4  | 5 . 2 9 E + C 2  |
I 2 . 1 | S . 2 6 E + C 2  |
I 1 - 9  1 1 . 1 1 E + C 3  |
1 1 . 6 | 1 . 3 9 E + 0 3  |
1 1 . 3 | 1 . 7 1E+03 |
1 1- 0  | 1 . 8 9 E + C 3  j
I 0 . 7  | 1 . 9 9 E + 0 3  |
1 0 .  5 | 2 - 0 3 E + C 3  |
1 0 . 2  | 2 . G6 E+C3  |
1 0 - 0  [ 2 . C 6 E + 0 3  |
1 - 0 . 2  | 2 . 0 3 E + C 3  |
1 - 0 . 5  | 1 . 9 9 E+ G3  |
1 - 0 . 3  1 1 . 9 9 E + C 3  |
1 - 1 - 0  | 1 . 7 7 E + G3  |
I - 1 . 3  I 1 . 5 5 E + G3  |
I - 1 - 5  | 1 . 3 5 E + 0 3  |
I - 1 . 9  | S . 7 6 E +  02 |
I - 2 .  1 | 6 . 7 8 E + 0 2  )
I - 2 . 3  | 4 . 1 2 E + C 2  |
I - 2 . 7  | 2 . 1 9 E + C 2  |
I - 3 . 0  | 1 . 0 0 E + C 2  |
I - 3 . 2  | 7 . 5 2 E + C 1  |
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1 3 0
Ta b l e  F . 3 :  E x p e r i m e n t  #4 2
XP1
Rep l
x / d
■
m
= 3 . 3 E - 3  
= 1100 
= 4 . 2
= 3 . 3 2 E - 2 J k g / s )
X = 2 . 3 E -  
W
R e  = 1 5 0 0  
w
r  , = 1 . 9 4  
m/ 2
u = 1 1 5 5
3
mm
(ram/s)
I z  Jmm) | u (nun/s) 1 2 [am) | u ( n m / s )  |
T ~ 6 .  8 | 5 . 8  1E + C0 1 - 4 .  1 | 4 . 6 1 E + 0 1  |
i 6 . 5  | 4 . 3 7 E + 0 0 1 - 4 . 9  | 4 . 7 7 E + 0 1  |
i 6 . 3  | 4 .  19E + C0 1 - 5 . 4 | 5 - 6 6 E + 0 0  |
i 6 . 0  | 6 . 7 7 E + 0 0 1 - 5 . 9  | 4 . 5 3 E + 0 0  |
i 5 . 7  J 9 - 00E+C0 1 - 6 . 5  1 4 . 6 1 E + 0 C  |
i 5 .  5 | 4 . 7 5 E + 0 0 1------------------------------------------------------------
i 5.  1 | S .  14E+C0 1
i 4 . 9  I 3 . 16E+01 1
i 4 .  5 | 2 . 7 2 E + 0 1 1
i 4 . 3  1 4 . 3 5 E + C 1 1
i 4 .  0 1 8 . 7 0 E + C 1 1
i 3.  7 | 8 . 5 5 E + C 1 1
i 3 . 4  | 1 .  13E + C2 1
i 3 .  1 1 1 . 4 9 E + 0 2 1
i 2 . 8  | 2 . 3 0 E + C 2 1
i 2 .  5 | 3 . 4 3 E + C 2 1
i 2 .  3 \ 4 . 7 5 E + C 2 1
i 2 . 0  | 7 . 5 2 E + C 2 1
i 1 . 7  J 1.  06E+C3 1
\ 1 . 4  | 1 . 3 3 E + 0 3 1
i 1.  1 j 1 . 66E+C3 1
i 0 .  9 | 1 . 30E + 03 1
i 0-  5 | 1 . 9 2 E + C3 1
i 0 .  3 | 1 . 9 3 E + 0 3 1
i 0 . 0  | 2 - 01E+C3 1
i - 0 . 2  | 2 . 0 1 E + 0 3 !
i - 0 . 5  | 1 . 9 7 E + C 3 1
i - 0 . 8  | 1 . 9 1 E + C 3 1
i - 1 . 0  | 1 . 3 2 E + 0 3 1
i - 1 .  3 | 1 . 6 5 E + C 3 1
i - 1 . 6  | 1 . 4 4 E + C 3 1
i - 1 . 9  | 1.  10E + 03 1
i - 2 . 2  I 3 . 4 4 E + C 2 1
i - 2 . 5  | 4 . 7 3 E + C 2 1
i - 2 . 8  I 3 . 2 6 E + C 2 1
i - 3 ,  1 | 1 . 5 9 E + C 2 1
i - 3 . 4  | 1 . 3 6 E+0 2 1
I - 3 . 6  | 1 . C6E+C2 1
i - 3 .  9 | 3 . 5 1 E + C 1 1
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T a b l e  F - 4 :
xp l
= 9 . 5 E - 3
Rep l = 1100
x / d = 1 0 . 5
m = 3 - 4 E - 2 ( k g / s )
| z (mm) | u (ram/s)
9 . 4  | 1 . 3 3 E + 0 1
7 . 9  | 5 . 4 6 E + C 0
7 . 6  | 9 . 44E+C0
7 . 3  | 1 . 2 3 E+C1
7 .  1 I 4 . 4 2 E + 0 1
6 . 8  | 2 . 3 9 E + 0 1
6 . 5  | 4 . 2 3 E + G 0
6 . 2  | 2 . 62E+C1
6 . 0  | 3 . 2 2 E + C 1
5 . 7  | 6 . C0E+C1
5 . 4  | 3 . 9 2 E + 0 1
5 .  1 | 4 . 90E+C1
4 . 9  | 4 . 5 5 E + C1
4 . 6  | 9 .  17E + 01
4 . 3  | 1 - 07E+C2
4 .  1 | 1 . 01E+C2
3 . 8  | 1 . 4 6 E+ C2
3 . 5  | 1 . 8 7 E + 0 2
3 . 2  | 2 - 7 5 E + C2
3 . 0  | 3 .  14E + 02
2 . 7  | 4 . 5 1 E + C 2
2 . 4  | 6 . 4 7 E + 0 2
2- 1 I 8 - 3 0 E+ C2
1 . 9  I 1 . C9E+C3
1 . 6  | 1 . 36E+03
1 . 3  I 1 . 5 6 E+ C3
1 . 0  | 1 . 7 7 E + 0 3
0 . 9  | 1 . 9 9 E+ C3
0 . 5  | 1 . 9 3 E+ C3
0 . 2  | 1 . 9 6 E + 0 3
0 . 0  | 1 . 9 6 E+ C3
- 0 . 2  | 1 . 95E+03
- 0 . 5  | 1 . 9 1 E+ C3
- 0 . 7  | 1 . 9 5 E + 0 3
- 1 . 0  | 1 - 73E+C3
- 1 . 3  I 1 . 4 7 E + 0 3
- 1 . 6  | 1 . 2 4 E + 0 3
- 1 . 9  | 9 . 9 3 E + C 2
- 2 . 1  I 7 . 2 3 E + 0 2
E x p e r i m e n t  #43
X =7 - O E - 3w
Re = 1 5 0 0  w
rm/2 = U 9 7  ram 
u = 1 1 7 1  ( i r a / s )
| z  (mm) | u ( n m/ s )  j
- 2 . 4  J 4 . 6  SE +02
- 2 - 7  | 3 . 5 1 E  + 02
- 2 . 9  | 2 . 4  3E + 02
- 3 . 2  | 2 - C 4 E  + 02
- 3 . 5  | 1 . 5 4 E + 0 2
- 3 . 8  | 6 - 6 9 E  + 01
- 3 . 9  | 1 . 1 1 E + 0 2
- 4 . 6  | 4 - 6 6 E + 0 1
- 5 . 1  | 1 . 7 S E + 0 1
- 5 . 6  | 5 - 4 7 E  + 01
- 6 . 2  | 3 . 2 S E + 0 1
- 6 . 8  | 7 . 3 9 E + 0 1
- 7 . 3  | 4 - 7  5 E + 0 1
- 7 . 9  | 1 . 4 7 E + 0 1
- 8 . 3  I 6 . 6 6 E + 0C
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T a b l e F .  5:  E x p e r i m e n t  #4 4
xp l = 1 - 4 E - 2 Xw
= 1. 1E- 2
Rep l = 11 00 Rew
= 1 5 0 0
x / d = 1 5 . 7 5 cm/ 2
= 2 . 1 4 mm
%
m = 3 - 3 7 E - 2  ( k g / s ) u = 1 174 (mm/s)
| z (inn) | u (into/s) | z (mm) 1 u {nm/s)  1
| 1 0 . 0  | 6 . 3 4 E + 0 0 I - 2 .  1 | 7 . 6 3 E+ 0 2  |
I 9 . 7  | 6 . 04E+CO I - 2 . 3  | 6 . 8 7 E + 0 2  J
I 9 . 2  | 5 . 4 4 E + 0 0 1 - 2 . 9  J 3 . 4 S E + 0 2  |
I 0 - 7  | 3 . 0 9 E + C 1 1 " 3 . 2  | 1 . 8 E E + 0 2  I
I 3 .  1 | S . 5 3 E + C 0 1 - 3 . 3  | 2 .  1 CE + 02 I
I 7 . 5  ) 9 -  17E + 00 1 - 4 . 0  | 1 . 4  1E + 02 |
I 7 . 0  | 5 . 03E+01 1 - 4 . 3  | 1 . 0 5 E + 0 2  I
1 6 . 5  | 7 . 6 7 E + 0 0 I - 4 . 8  | 1 . 0  2E + 02 |
I 6 . 2 | 3 . 06E+C1 1 - 5 . 4  \ 9 . 4 9 E + 0 C  |
1 6 . 0  | 5 . 7 6 E + 0 1 1 - 5 . 9  | 4 . 3 2 E  + 01 |
1 5 . 7  1 7 . 0 4 E + C 1 1 - 6 . 4  | 2 . 7 2 E + 0 1  I
1 5 . 4  | 9 .  19E + 01 1 “ 7 - 0  1 9 . 6 6 E + 0 0  |
1 5 . 1 | 1 . 4 1 E + 0 2 1 - 7 . 6  J 3 - CE E + 0 1  |
I 4 . 3 | 8 . 7 7 E + 0 1 1 - 8 . 1  | 4 . 2 1 E + 0 0  I
1 4 . 6  | 1-  29 E + 02 1 - 8 . 6  ) 1 . 1  CE+0 1 i
1 4 .  3 I 1 . 5 4 E + C 2 1 - 9 . 2  J 3 . 0 4 E + 0 1  I
1 4 .  1 ] 
1 3 . 3  I
1 . 8 2 E + 0 2
2 . 2 7 E + 0 2
1 - 9 . 7  |
, -------------------------
9 . 96E+00  I
I 3 . 5  | 2 . 1 6 E + C 2  |
I 3 . 2  ( 4 . 0 3 E + 0 2  |
1 2 . 9  | 5 - 9 4 E + C 2  |
1 . 2 . 6  | 5 . 9 2 E + 0 2  |
1 2 . 4  ) 8 . 2 7 E + 0 2  |
1 2 . 2  \ S . 3 3 E + 0 2  |
1 1- 9 | 1 . 1 7 E + 0 3  |
I 1 . 6  | 1 . 4 2 E + 0 3  I
1 1 . 3  | 1 . 5 8 E  + C3 |
1 1 . 0 | 1 . 7 5 E + 0 3  |
1 0 . 8  | 1 . 8 2 E + C 3  |
1 0 . 5  | 1 . 3 9 E + 0 3  |
I 0 . 2  | 1 . 9 0 E + C 3  |
1 0 .  0 1 1 . 9 1 E + C 3  |
1 - 0 . 2  | 1 . 8 8 E + 0 3  |
1 - 0 . 5  | 1 . 8 3 E + 0 3  j
1 - 0 . 8  | 1 . 7 5  E+ 03 |
1 - 1 . 1  I 1 . 5 9 E + C 3  |
I - 1 . 3  I 1 . 4 7 E + 0 3  |
I - 1- 6  | 1 . 1 9 E + C 3  |
V
I - 1 . 9  I 1 . 0 4 E + C3  |
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1 9 3
Ta b l e  F .  6:  E x p e r i m e n t  # 4 5
XP1
= 3 . 5 E - 3 Xw = 2 . 6E-•3
Rep l = 6 0 0 Rew
= 3 0 0
x / d = 2 - 1 V2 = 1 , 9 4 mm
lit = 2 -  0 6 E - 2  ( k g / s ) u = 7 18 (mm/s)
| 2 (mm) | u (mra/s)  1 z (mm) 1 u ( m n / s )  I
1 6 .  4 ) 3 . 9 3 E + C 0 J - 3 . 9  | 2 . OSE+01 I
1 6 .  1 | 3 . 5 2 E + C 0 I - 4 . 2  | 1 . 1 6 E + 0 1  |
1 5 . 9  | 4 . 5 6 E + C 0 I - 4 . 4  | 7 . 2 2 E + 0 0  !
I 5 .  6 | 3 . 5 9 E + C 0 I - 4 . 7  | 5 - C 2 E  + 00  |
1 5 .  3 | 4 .  0 4 E + CO I - 5 . 0  J 4 . C S E + 0 0  I
1 5-  0 | 4 - 92E+C0 I - 5 . 3  | 3 - 6  I E +0 0 |
1 4 . 7  | 5 . 6 3 E + 0 0 I - 5 . 5  | 3 . 4 7 E + 0 0  |
1 4 . 4  | 1 . 2 2 E+ C1  • , -----------------------
1 4 .  1 | 1 . 99E+ 01 I
I 3, 9  | 3 .  10E + C1 I
I 3 . 6  | 5 . 1 1E + 01 I
I 3 . 3  | 6 . 8 3 E + 0 1 I
I 3 . 0  | 1 . 0 9 E + C 2 I
I 2 . 7  | 1 . 6 2 E + C 2 I
| 2m 5 | 2 - 5 7 E + C 2 I
| 2m 2  | 3 . 9 6 E + C 2 I
I 1-  9  | 5 . 8 6 E + C 2 I
1 1 . 6 | 7 . 7 5 E + 0 2 I
1 1-  4 | 9 . 0 0 E + C 2 I
I 1 . 1 1 1 . 02E+03 I
| 0 . 8  1 1.  11E+03 I
1 - 0 . 5  | 1 . 13E+03 I
1 0 . 2  | 1 - 16E+C3 I
1 0 . 0  | 1.  17E+03 1
1 - 0 .  3 | 1 . 16E+C3 1
1 - 0 . 4  | 1.  14E + 03 1
1 " 0 . 5  J 1 . 14E+C3 1
1 - 1 . 0  | 1 . 02E+C3 1
I - 1 . 3  l 9 .  13E + C2 1
I - 1- 6  | 7 . 4 0 E+ 0 2 1
I - i . o  | 5 - 33  E+ 02 1
I - 2 .  2 | 3 . 3 7 E + 0 2 1
I - 2 . 4  | 1 . 8 6 E + C 2 1
I - 2 . 7  | 1 . 12E+02 1
I - 2. 9  | 8 . 4 4 E + C 1 1
I - 3 . 3  | 5 . 3 0 E + 0 1 1
I - 3 . 6  | 3 . 6 4 E + C 1 e
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T a b l e  F . 7 : E x p e r i m e n t  # 4 6
X , = 7 . OE-3 
P i
X = 5 .  3 E-  
w
3
Re - =60  0 
P i
Re = 8 0 0  w
X/d = 4 . 2 V 2 = 1 - 95
mm
m = 2 .  Q7 E- 2 ( k g / s ) U = 7 2 1 {mm/s)
I z  {mm) | u ' mm/ s ) I z  (mu) I u ( n m/ s )
6 . 0  | 5 . 9 1 E + C 0 | - 4 . 3
5 . 7  ) 8 . 2 5 E + 0 0 I - 4 .  6
5 . 4  | 9 . 5 8 E + C 0 | - 4 .  S
5 .  1 | 1 . 7 6 E + 0 1 I - 5 . 2
4 .  a i 2 .  16E + 01 I - 5 . 8
4.  5 I 3 . 94E+01 , ----------------
4 . 2  | 5 . 0 1 E + C 1 I
4 .  0 | 6 . 07E+C1 I
3 . 7  | 8 . 07E+C1 I
3 . 4  | 1 .  13E + 02 I
3-  1 | 1 . 6 4 E + 0 2 I
2 .  8 | 2 . 25E+C2 I
2 .  5 I 3 . 2 6 E + C 2 I
2 . 2  | 4 . 3 1 E + 0 2 I
2 . 0  | 6 . 2 0 E + 0 2 I
1 . 6  I 7 . 7 6 E + C 2 I
1- 4 { 8 . 6 4 E + C 2 I
1 .  1 I 9 . 69E * 02 I
0 . 8  | 1 . 0 5 E  + C3 I
0 . 5  | 1 . 12E+C3 I
0 . 2  | 1.  13E + C3 I
. 0 . 0  I 1 .  14E + 03 I
- 0 . 3  | 1.  12E+C3 I
- 0 .  6 j 1 . 0 7 E + C3 I
- 0 . 8  | 1.  0 2 E C 3 I
- 1- 1 I S . 0 1 E + 0 2 I
- 1 . 1  I 8 . 8 2 E + G 2 I
- 1 . 7  | 6 . 16E+C2 I
- 2 . 0 | 4 . 4 7 E + G 2 I
- 2 . 3  | 2 . 9 9 E + C 2 I
- 2 .  5 | 2 . 07E+C2 I
- 2 . 9  I 1 . 4 1 E + C 2 I
- 3 .  1 | 1 . OOE+02 I
- 3 . 4  I 7 . 9 4 E + C 1 I
- 3 .  7 | 6 . C9 E+C1 I
- 3 . 7  | 6 . 24E+C1 I
- 4 .  0 | 5 . 02E+C1 I
3 - 1 3E+01 
1 . 8CE+01 
1 - 5 2 E+01  
9 . 2 8E+3 0
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T a b l e  F . 8:  E x p e r i m e n t  # 47
x = 8 , 8 E - 3 X = 6 , 6 E-•3
* p l w
Rep l
= 6 0 0 Rew = 8 0 0
x / d = 5 , 2 5 V 2 = 1 , 9 8 mm
m = 2 . 0 7 E - 2  ( k g / s ) u =721 (mm/s)
1 z (mm) | u (mm/s) I z  (mm)
1 6 . 5  | 4 .  18E + C0 I - 4 . 4
1 6- 2 | 5 . 5 3 E + C 0 I - 4 .  6
1 5 .  9 | 6 . 11E + C0 I - 4 . 9
I 5-  7 | 8 - 42E+C0 I - 5 -  2
1 5 . 4  J 9 . 3 0 E + 0 0 I - 5 . 4
1 5 - 1 1 1- 47E+C1 I - 5 . 8
1 4 .  3 | 2 .  16E+C1 I - 6 . 0
1 4 .  3 1 3 . 96E+C1 j ———---------
1 4 . 3  | 4 . 3 0 E + 0 1 I
1 4 . 0  1 E . 4 7 E+C1 I
1 3 . 7  1 7 .  19E + C1 I
1 3 . 5  | 9 - 3  1E + C1 I
1 3 . 2 | 1 . 2 4 E + 0 2 I
J 2 . 9  | 1 . 6 5 E + C 2 I
1 2 .  6 1 2 . 2 3 E + C 2 I
1 2. 3  1 3-  14E+C2 I
1 2 . 1 1 4 . 4 0 E + 0 2 I
1 1- 8 | 5 . 9 3 E + 0 2 I
1 1 . 6  | 7 . 12E+02 I
1 1 . 3 | 6 . 3 8 E + 0 2 I
1 1. 0 | 9 . 7 3 E + 0 2 I
1 0 - 7  1 1 - 0 3 E + 0 3 I
I 0 . 4  1 1 . C9 E+ 0 3 I
1 0 . 2  1 1.  12E + 03 I
1 0-  0 | 1- 13E+C3 I
1 - 0 . 3  | 1 . 1 2 E + C 3 I
I - 0 . 5  | 1 . C9E+C3 I
1 - 0 - 9  j 1 . 03E+03 I
1 - 1- 1  I S - 5 6 E + C 2 I
I - 1 . «  I 8 . 4 7 E + 0 2 I
I - 1 - 9  | 5 . 9 8 E + C 2 I
I - 2 . 2  | 4 . 6 9 E + 0 2 I
I - 2- 4  I 3 . 3 6 E + 0 2 I
I - 2 . 7  I 2 . 2 6 E + 0 2 I
I - 3 - 0  | 1 - 7 2 E+ C2 I
I - 3 . 3  | 1 . 2 4 E + 0 2 I
I - 3 - 6  I 9 - 2 4 E + 0 1 I
I - 3 . 9  | 7 . 1 3 E + C 1 c
I - 4 .  1 | 6 . 03E+C1 I
u (nm/s)
4 - 92E+01 
3 . 95E+01 
3 . 1SE+01 
2-  0 1E + 0 1 
1 - 63E+0 1 
1 . 2 2 E+01  
7 . 95E+0G
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1 8 6
Ta b l e F . 9 ; E x p e r i m e n t  #4 8
'P i
Re.
P i
= 2 .  6 E - 2
= 600
Xw = 2 . OE-3
Rew =8  00
m
/ d  = 1 5 . 7 5 rm/ 2  = 2 - 21 mm
= 2 . 0 7 E - 3 ' K g / s ) u =721 (mm/s)
I 2 'mm) I u {mm/s) I z (mu) I u ( ara / s )
j 9 . 9  | 4 . 04E+C0 I - 1 - 0  I 6.  1EE+02
I 9 . 2  J 7 . 2 1 E + 0 0 I - 2 . 2  | 5 .  1 2E + 02
I 8. 7  | 9 . 2 6 E + C 0 l - 2 . 5  | 4 .  C6E + 02
I 8 . 2  | 9 . 3 6 E + C 0 I - 2 . 7  | 3 . 32E+02
t 7 . 9  | 1 . 7 9 E + 0 1 I - 3 . 0  I 2 . 7 7 E + 0 2
| 7 .  6 | 1 . 59E+C1 I - 3 . 0  | 2 . 8CE+02
I 7 .  3 | 1 . 5 3 E+C1 I - 3 . 3  | 2 - 3  1E + 02
I 7 .  0 | 2 . 05E+C1 l - 3 . 6  I 1 . 92E+02
I 6 . 7  | 2 . 5 4 E+ C1 I - 4 . 1  | 1 . 36E+02
I 6 .  4 | 3 . 8 2 E+ C1 1 - 4 . 1  | 1 - 35E+02
1 6 . 2 | 4 . 5 2 E+ C1 I - 4 . 7  J 1 . 01E+02
I 5.  9 | 4 . 8 8 E+ C1 I - 5 . 3  | 7 . 7 3 E + 0  1
I 5 . 6  | 5 . 3 3 E + 0 1 I - 5 . 8  | 6 . 3 C E + 0 1
I 5 . 4  | 5 . 7 2 E+ G1 I - 6 . 3  I 5 . 36E+01
I 5 . 0  | 7 .  15E+01 I - 6 . 9  J 4 .  1 2E + 0 1
I 4 . 8  | 7 . 9 8 E+ C1 I - 7 . 5  I 2 - 8EE+01
I 4 . 5  | 9 . 4 1 E+ C1 I - 9 . 1  | 2 . 47E + 0 1
I 4 .  2 | 1.  15E + C2 I - 8 . 7  J 1 . 67E+01
I 3 . 9  | 1 . 29E+02 I - 9 . 2  I 1 . 32E + 0 1
I 3 .  6 | 1 . 59E+C2 I-------------------- ------------------—
I 3 . 4  | 1 . 9 4 E + 0 2 I
I ■ 3.  1 1 2 . 3 9 E + C 2 I
I 2 .  8 | 2 . 9 7 E + G2 I
I 2 . 5  | 3 . 5 0 E + C 2 I
I 2 .  2 1 4 . 2 4 E + C 2 I
I 2 . 0  | 5 .  13E + 02 I
1 1 - 7  1 6 .  18E+C2 I
I 1 - 4  1 7 .  13E + 02 I
1 1- 1 1 7 . 9 0 E + C 2 I
I 0 . 8 | 9 . 6 7 E+ C2 I
I 0 . 5  | 9 . 2 3 E + C 2 I
I 0 . 2  | 9 . 5 2 E + C 2 l
I 0 - 0  1 S . 6 6 E + C2 I
1 “ 0 . 2  1 S . 64E+G2 I
1 - 0 . 5  J 9 . 4 6 E + C 2 I
1 - 0 . 8  | 9 .  13E + 02 I
I - 1-1  I 8 . 6 2 E + C2 I <
I - 1 . 3  | 8 . 02E+C2 I
l - 1- 6  | 7 . 2 6 E + C 2 I
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Ta b l e  F. 1 0:  E x p e r i m e n t  # 4 9
XP1
= 3 . 5 E - 2
xw
= 2 . 6 E - 2
Rep l
= 600
Rew
= 8 0 0
x / d = 2 1 . 0
V 2
= 2 . 4 0  mm
m = 2 . 0 7 E - 2  { k g / s ) U =721  -mm/s)
| 2 {mm) | u -mm/s)  l z  (mm) | u (mm/s)
j 10 . 6  | 5 . 6 5 E + 0 0 I - 1 - 3  | 7 . 2 3 E + 0 2
I 10. 1  | 6 . 49E +00 I “ 1 - 5  | 6 . 6  1E + 02
I 9 . 6  | 7 - 5 9 E + C 0 I ” 1 - 8  J 5 - 8  1E+02
I 9 . 0  | 7 . 3 7 E + 0 0 1 “ 2 . 1  | 5 . C 9 E + 0 2
l 8 - 4  | 1. 4 1E+0 1 I - 2 . 4  | 4 . 2 7 E + 0 2
I 7 . 9  | 2 . 2 5 E + 0 1 I - 2 . 7  J 3 - 6 4 E + 0 2
I 7 . 4  | 3 .  4 0 E + 0 1 I - 3 . 2  | 2 . 6 0 E + 0 2
I 7 . 1 | 4 . 0 9 F + 0 1 I - 3 . 5  | 2 . 1 9 E + 0 2
I 8 . 3  | 3 . 90E+0 1 I - 4 . 0  | 1 . 6 4 E + 0 2
1 6 . 5  | 4 . 9 6 E + 0  1 I - 4 . 5  | 1 - 2 4 E + 0 2
1 6 . 3 | 4 . 96E+01 I “ 5 . 1  | 9 . 1 7 E + 0 1
) 6 . 0  | 6 . 3 7 E + 0 1 I - 6 . 2  | 6 . 2 7 E + 0 1
1 5 - 7  J 7 . 2 4 E + 0 1 I - 6 . 8  I 4 . 5 9 E + 0 1
1 5 . 4  | 8 . 01E+0 1 I - 7 . 3  | 3 . 9 0 E + 0 1
1 5 . 2  | 8 - 7 6 E + 0 1 I - 7 . 8  | 2 . 9 3 E + 0 1
1 4 . 9  | 9 . 6 1 E + 0  1 I - 8 . 4  | 2 . 2 7 E + 0 1
1 4 . 6  I 1.  18E+02 I - 8 - 9  | 9 . 5 2 E + 0 0
I 4 . 3  I 1 . 2 6 E + 0 2 I - 9 . 5  | 7 . 4 7 E + 0 0
I 4 . 1  | 1 . 5 2 E+02 | - 1 0 . 0  | 5 - 6 9 E + 0 0
I 3 . 9 | 1 . 9 3 E + 0 2 1----------------------- ------------------------
I 3 - 5  | 2 .  1 1E+02 1
I 3 - 2  1 2 . 4 7 E+ 02 1
1 3 . 0  J 2 . 9 7 E + 0 2 1
I 2 . 7  | 3 . 5 3 E+0 2 1
I 2 - 4  | 4-  3 1E +02 1
I 2 . 2  | 4 . 99E+02 1
I 2 . 0  I 5 . 5 5 E+02 I
I 1. 6  | 6 . 4 3 E+ 0 2 I
I 1 - 4  | 7 - 0 6 E+0 2 1
I 1 . 1 1 7 . 6 7 E + 0 2 1
I 0 - 8  | 8-  2 4 E +0 2 1
I 0 . 5  | 8 . 6 2 E + 0 2 1
I 0 . 2  | 6 . 7 2 E+0 2 1
1 0 . 0 | 8 . 8 3 E+0 2 1
I - 0 . 2  1 8-  7 4 E+0 2 1
1 “ 0 . 5  | 8 . 6 6 E+ 0 2 1
1 " 0 - 7  | 8- 3 9 E+0 2 1 *
1 - 1-0  I 7 . 9 2 E+02 1
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, = 4 . 4 E - 2  
P i
,ep l  =60 0 
c/d = 2 6 . 3  
n = 2 . 0 6 E - 2
T a b l e  F.  1 1: 
( k g / s )
Ex p e r i m e n t
X = 3 . 3 E-  w
Re = 8 0 0  w
cm/ 2  = 2 - 116 
U . = 7 1 3
#50
2
mm
[ran/ s)
188
I z  ( M )  1 u {mm/s) 1 z  (mm) 1 u (mm/s) I
1 1 2 . 0  | 7 . 1 2 E+00 1 - 1-  1 1 7 - 1 4E + 02 I
I 11 - a 1 S . 2 9 E + 0 0 1 - 1 . 3 1 6 . 6 2 E + 0 2 I
1 1 0 . 9  | 1 - 0 5 E + 0 1 1 - 1 . 6 1 5 . 8 3 E + 0 2 I
I 1 0 . 4  | 8 . 8  1E+00 1 - 1 . 9 1 5 . 1  2E + 02 I
1 9 - 9  I 1 . 56E+01 1 - 2 - 1 1 4 . 6 6 E + 0 2 I
I 9 . 2  | 1 . 4  1E+01 1 - 2 .  4 1 3 . 3  1E + 02 I
I 8 . 7  J 2 . 6 7  E +0 1 1 - 2 . 7 1 3 . 4 2 E + 0 2 I
1 3 . 2 | 3 . 14E+01 1 - 2 . 9 1 3 . 0 5 E + 0 2 !
| 7 . 6  | 3-  64E+0 1 1 - 3 . 2 1 2 - 6 4 E + 0 2 I
1 7 .  1 | 4 . 5 6 E  + G 1 1 - 3 - 5 1 2 - 2 4E + 02 I
| 6 . 5 | 5 . 7 4 E + 0 1 1 - 3 . 7 1 1 . 9 7 E + 0 2 I
1 6 . 3  | 6 - 3 6 E + 0 1 1 - 4 . 0 1 1 . 6 4 E + 0 2 I
I 6 . 0 ) 6 . 9 7 E + 0 1 1 - 4 . 3 1 1 . 4 3 E  + 02 I
I 5 - 7  | 7 . 7 9 E + 0 1 1 - 4 . 9 1 1 - 16E + 02 I
I 5 . 4  | 8 . 6 9 E + 0 1 1 - 5 . 4 1 9 . 5 3 E + 0 1 I
| 5 . 2  | 9 . 3 2 E + 0  1 1 - 6 - 0 1 7 . 8 9 E + 0 1 !
I 4 . 9  1 1.  1 1E+02 1 - 6 .  5 1 6 . 5 9 E+ 01 I
I 4 - 6  | 1 - 2 9 E + 0 2 I - 7 . 0 I 5 . 5 8 E + C 1 I
I 4 . 3  1 1 . 4 9 F + 0 2 1 - 8 . 2 1 4 . 0 9 E + 0 1 I
1 4 - 1 1 1 . 6 9 E + 0 2 1 - 8 .  7 1 3 . 3 7 E + 0 1 I
I 3 - 8  1 1 - 9 9 E + 0 2 1 - 9 . 2 1 3 . 1 8 E + 0 1 I
1 3 . 6  | 2 .  15E+02 1 - 9 . 9 1 1 . 9  3E + 0 1 I
I 3 - 2  1 2 - 69E +0 2 1 -  1 0 - 3 1 1 . 3 7 E + 0 1 l
1 3 . 0  1 3 . 1 2 E+02 1 - 1 0 .  9 1 8 . 6 3 E + 0 0 I
I 2 - 9  1 3 - 0 9 E+ 0 2 1 - 1 1 - 4 1 8 . C 9 E + 0 0 I
1 2 . 7  J 3 . 6  1F+0 2 1-----
I 2 - 4  | 4-  10 E+0 2 1
I 2 . 1 1 4 . 6 7 E + 0 2 1
I 1 . 8  | 5 - 4  1E+02 1
1 1 . 6  J 6 . 0 7 E+ 0 2 1
1 1- 3 | 6.  6 5E +0 2 1
I 1 . 0  1 7 . 2 2 E+ 0 2 1
1 0 - 8  1 7 . 5 5 E + 0 2 1
I 0 . 5  1 7 . 9 1 E + 0 2 1
I 0 - 2  | 8 .  0 1E+02 1
I 0 . 0  1 8 . 0 7 F + 0 2 1
1 - 0 - 2  1 8 - 0 4 E + 0 2 1 c
1 “ 0 . 5  1 7 . 9 2 E + 0 2 1
1 - 0 . 8  J 7 . 6 0 E + 0 2 1
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1 8 9
T a b l e  F . 12;  E x p e r i m e n t  #51
X ,  = 5 . 3 E - 2  
PI
Re , = 6 0  0 
PI
X/d = 3 1 . 5  
m = 2 . 0 6 E - 2 ( k g / s ) Cl 
J*
 
s® 
*
to
= 3 . 9 E - 2  
= 8 0 0
= 2 . 7 4  ram 
= 7 1 9  (mm/s)
I z tram) ) u (mm/s) I z (ram) | u (mm/s) I
I 1 1 - 7  | 9 . 7 1 E + 0 0 I - 1 . 3  | 6 . 4 0 E + 0 2
I 1 1 . 2  1 1 . 0 5 E + 0 1 I - 1 . 6  | 5 . 8 9 E  + 02 I
| 1 0 . 6  | 1.  10E+0 1 I -  1-8  | 5 . 2  1E + 02 I
I 10 . 1  | 1 . 3 4 E + 0 1 I - 2 .  1 | 4 . 7 5 E + 0 2 I
I 9 . 5  | 1 . 3 5 E + 0  1 I - 2 . 4  J 4 - 2 9 E  + 02 I
I 9 . 0  | 1.  6 9 E +0 1 I - 2 -  7 | 3 . S 0 E + 0 2 I
I 3 . 4 | 2 - 7 0 E + 0  1 I - 2 . 9  j 3 . 3 3 E + 0 2 I
1 7 . 9  | 3 . 9 2 E + 0 1 I - 3 . 2  | 2 . 9 2 E + 0 2 I
I 7 . 4  | 4 . 3 3 E + 0 1 I - 3 . 5  | 2 . 7 7 E + 0 2 I
1 6 - 8  | 6 .  17E+01 I - 4 - 0  | 2 - 1 0 E + 0 2 I
I 6 . 2 | 9 . 09E+01 I - 4 . 3  ! 1 . 9 2 E  + 02 I
1 6 - 1  | 7 . 4 9 E + 0 1 I - 4 . 6  J 1 - 5 7 E + 0 2 I
I 5 . 7  | 9 . 06E+01 I - 5 . 1  \ 1 . 3 3 E  + 02 I
J 5 . 5  | 1- 0 3 E+0 2 I - 5 . 7  | 1 - 0 7 E + 0 2 I
I 5 . 2 ) 1.  1 5 F +0 2 I - 6 . 2  { 7 . 9 0 E + 0 1 I
1 4 - 9  | 1 . 2 9 E + 0 2 I - 7 . 2  I 5 . 9 6 E+ Q1 I
1 4 . 6 | 1.  4 7 E + 0 2 I - 7 . 3  | 5 . 3 4 E + 0 1 I
1 4 . 4  | 1 . 5 3 E + C 2 I - 8 . 4  | 4 . 3  1E + 01 I
I 4 . 1  | 1 . 7 9 E + 0 2 I - 8 . 9  | 3 . 5 2 E + 0 1 I
I 3 . 9  | 2 . 12E+02 I - 9 . 5  j 3 . 0 6 E + 0 1 I
I 3 - 6  | 2 . 3 6 E + 0 2 I - 1 0 . 0  | 2 . 5 8 E + 0 1 I
I 3 . 3  | 2 . 7 0 E + 0 2 I - 1 0 . 5  | 1 . 5 2 E  + 01 I
I 3 . 0  | 3 .  1 1E+02 I - 1 1 . 1  | 1 . 3 7 E + 0 1 I
1 2 . 7  | 3 . 6 2 E + 0 2 I - 1 1 . 7  | 1 - 0 7 E  + 0 1 I
1 2 - 4  1 3 - 9 9 E + 0 2 I -
I 2 . 2  | 4 . 6 5 E + 0 2 I
1 1 - 9  | 5 - 0 6 E+ 0 2 I
I 1 . 9 | 5 . 2 6 E+ 0 2 I
1 1 . 6  | 5 . 6 3 E+ 0 2 I
I 1 . 4 | 6 .  17E+02 I
1 1-  1 1 6 . 7 6 E + 0 2 I
1 0 . 3  J 7 . 0 4 E+ 0 2 I
1 0 - 6  | 7 .  10E+02 I
1 0 . 3 | 7 . 3 7  E +02 I
1 0 - 0  | 7 . 4 2 E + 0 2 I
1 - 0 . 4  | 7 . 2 5 F + 0 2 I
1 - 0 - 7  | 7 . 0 8 F + 0 2 I
1 - 1- 0  | 6 . 3 5 E+0 2 I
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T a b l e  1 - 1 3 :  E x p e r i m e n t  #5 2
v
Repi
x/d
t
m
= 7 . OE-2 
= 6 0 0  
= 4 2 . 0  
= 2 - 0 6 E - 2 ( k g / s )
w
Rew
rm/2
= 5 - 3 E - 2  
= 3 0 0
= 2 . 8 0  mm 
= 7 1 8  (mm/s)
I Z (mm) | u (mm/ s ) I z  (mm)  J u (mm/s)  |
I 1 3 . 1  | 1 . 44E + 0 1 I " 1 . 1  I 5 . 3 5 E 4 0 2  |
I 1 2 - 5  | 8 . 3 6 E + 0 0 l “ 1 - 3  | 4 . 9 5 E 4 0 2  I
| 1 2 . 0  | 2-  1 4 F +0 1 I “ 1- 6  | 4 . S 0 E 4  02 |
I 1 1 . 4  1 1 . 1 2 F + 0 1 I - 1 . 9  | 4 . 7 0 E 4 0 2  I
I 1 0 . 9  | 2 . 8 7 E 4 0 1 I " 2 . 1  | 3 . 8 4 E 4 0 2  |
I 1 0 . 4  | 3 . 3 6 E + 0 1 I - 2 . 4  | 3 . 5 6 E 4 0 2  |
I 9 . 3  | 4 . 2 7 E + 0 1 I - 2 . 7  | 3 . 4 3 E 4 0 2  I
I 9 . 6  | 4 . 6 2 E + 0  1 I - 3 . 0  1 2 . 9 0 E 4 0 2  I
| 8 . 2  | 5 - 57E+G 1 1 -  3-  5 | 2 . 5 4 E 4 0 2  I
I 7 . 7  | 5 . 7 2 E 4 0 1 1 - 3 - 7  j 2 . 1 3 E 402 I
I 7 .  1 | 7 . 1 4 E 4 0 1 1 - 4 . 0  | 2 . 0 0 E 4 0 2  I
j 6 . 6  J 6 .  3 0 E 40 1 1 - 4 . 3  I 1 . 7 2 E 4 0 2  I
I 6 . 2  j 3 . 9 6  E 40 1 1 - 4 . 9  1 1 . 4 3 E 4 0 2  I
I 6 . 0  | 9 . 2 4 E4 0  1 1 - 5 . 4  | 1 . 2 1 E + 0 2  I
I 5 . 7  | 1 . 2 0 E 4 0 2 1 - 5 . 9  | 1 . 0 9 E 4 0 2  I
I 5 . 4  | 1 . 0 7 E 4 0 2 1 - 6 . 5  1 8 . 8 7 E 4 0 1  |
I 5 . 2  | 1.  3 1 E 402 1 - 7 . 1  | 7 . 6 1 E 4 0 1  1
I 4 . 9  1 1 . 52E4Q2 I - 7 . 5  1 6 - 2 6 E 4 0 1  |
I 4 . 6 | 1 . 3 5 E 4 0 2 1 - 9 . 1  I 5 . 6 0 E 4 0 1  I
1 4 . 3  | 1.  8 7 E 4 0 2 I - 6 - 7  I 5 - 1 1 E 4 0 1  )
I 4 . 1 | 2 .  1 3 E 4 0 2 I - 9 . 3  | 2 . 9 6 E 4 0 1  |
I 3 . 8  | 2 .  3 5 E 40 2 I - 9 . 8  | 3 - 2 3 E 4 0 1  I
I 3 . 5  I 2 - 5 6 E 402 | - 1 0 . 3  | 1 . C 6 E 4 0 1  j
1 3 . 2 | 2 . 5 1 E 4 C 2 I - 1 0 . 3  | 6 . 7 2 E 4 0 0  |
1 3 - 0  | 3 . 4 0 E 4 0 2 I - 1 1 - 4  | 1 . 0 7 E 4 0 1  |
1 2 . 7  | 3 . 0 7 E 4 0 2 I - 1 1 . 9  | 5 . 6 2 E 4 0 0  I
1 2 - 4  | 3 - 8 7 E 4 0 2 I - 1 2 . 5  | 5 - 7 9 E 4 3 0  |
1 2 . 1 | 4 . 4 6 F 4 0 2 I -------------------------------
1 1 - 9  | 4 . 5 4 E 4 0 2 I
I 1 . 6  | 4 . 9 3 E 4 0 2 I
1 1 - 3  | 5 .  23 E 40 2 I
1 1 . 0  1 5 - 3  1E402 I
1 0 . 3 | 5 . 9 7  E 40 2 I
1 0 , 5  1 6 . 0  1E402 I
1 0 . 3  | 6 . 1 0E 402 I
1 0 . 0  | 6 . 2 9 F 4 0 2 I
1 - 0 . 3  1 6 . 0 6 F 4 0 2 I
| - 0 . 5  J 6 . 04E 402 I
I “ 0 . 3  | 6 .  0 2 E 4 0 2 I
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c ^+++++++++++++++++++++++++++++++++ + * + + +■» + + + + + + + +++•+ + + + +
c
c PURPOSE:
c CBTAIN AN ANALYTICAL SOLUTION TO T HE FULLY DEVELOFED
c FLOW IN A PI PE WITH A POWEB-SERIES FLUID.  THE
c NUMERICAL RESULTS ARE THEN USED AS At> I NI TI AL BOUNDARY
c IN THE JET EBOELEM.
c
c METHOD;
c A FOURTH ORDER BUNGA KUTTA PROCEDUB E WAS UTILIZED TO
c
r»
• SOLVED THE NONLINEAR ORDINARY DIFFERENTIAL EQUATION-
L
c
p
>
DESCRIPTION OF PARAMETERS:
c ALPHA -RELAXATION PARAMETER
c AMSFLK-MASS FLCWRATE
C C 1 . . . C N - V I S C O S I T Y  CONSTANTS IN THE PCWER-SERIES MODEL
c D-SHEAB-RATE
c H-STEF S I ZE I N RADIAL DIRECTION
c Q-VOLUMETBIC FLOWEAT E
C E A E-E ADIUS
c U-AXIAL VELOCITY
c VIS-ECWEB SERIES VISCOSITY
c
p
Z K - I N I T I A L  GUESS FOB THE AXIAL PRESSURE GRADIENT
c ++♦++++++++++++++++++♦+++++++++++++♦++++♦+++++++++++++++
ALPHA=0- 1
ZK= - 1 0 0 .
DO 60 I E = 1 , 3 0 0
c I F  YOU CHANGE I P  CHANGE DC LOOP IN AVG
c NUMBER OF I I E B A T I C N S = 3 0
DO 50 1 1 = 1 , 5
RAD= 0 . 0 0 6 0 5 / 2 . 0
X = R AD
Y=0.  0
U ( 1 ) = 0 . 0
H=- 1 . 0 / 9 9 . 0 + RAD
C 100 STEPS
DO 40 1 = 1 , 9 9
I F  ( I I  - GT .  1) GO TO 25
DO 22 1 1 1 = 1 , 1 0 0
DEB ( I I I ) = 0 . 0
22 CONTINUE
25 CONTINUE
CALL R K {ZKr H , I / X , Y r W , D E R , C l , C 2 , C 3 r C 4 , C 5 , C  6 , C 7 , C 8 , C 9 , C 1 0 )  
U (1 + 1) = Y
C FEINT , ‘ X = ' , X r * U= * , U ( I )  , ‘ 1 =  ' ,1
40 CONTINUE
CALL DERIV (ALPHA , U , DER,H)
50 CONTINUE
CALL AVG ( D E R , g , I F , H  ,RAD,ZK,U)
ZK=ZK+2LEHA* (ZK*AMSFLW/1 0 0 C . / Q  -  ZK)
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1 9 3
PRINT , * ZK = ' , Z K 
60 CONTINUE 
STOP 
END 
C
SUBROUTINE DERIV ( ALEHA, U, DER, H)
REAL U J1 00)  , DER (100)
DO 4 1 = 1 , 9 6
C A= ( - 3 . 0 * U  (I)  + 4 . 0 * U  ( I  + 1 ) ~ 1 . 0 * U ( I + 2 )  ) /  ( 2 . 0 * H)
A= ( - 2 5 . ♦ U ( I ) + 4 8 . *U ( I + 1 ) - 3 6 . *U ( 1 + 2 ) + 1 6 . * U ( 1 + 3 ) - 3 . * U  ( 1 + 4 ) )  /  1 2 . / H  . 
DER ( I ) = EER | I ) +ALEHA* (A-DEE ( I ) )
4 CONTINUE 
DC 5 1 = 5 1 , 1 0 0
A= (U ( 1 - 2 ) - 4 . 0*U ( 1 - 1 )  + 3 . 0*U ( I ) ) /  ( 2 . 0 * H)
DER ( I )  = EER ( I )  +SLEHA* (A-DER (I)  )
5 CONTINUE 
RETURN
END
SUBROUTINE EK ( ZK, H, I , X, Y, W, DER, C 1 , C 2 , C 3 , C 4 , C 5 , C6 , C 7 , C 8 , C 9 , C 10) 
BEAL DER ( 100)
CALL VECTOR ( Z K , H , I , X , Y , W , E E R , C 1 , C 2 , C 3 , C 4 , C 5 , C 6 , C 7 , C 3 , C 9 , C 1 0 )
AK1=H* W 
X=X + H /  2 .  0
CALL VECTOR (ZK, H , 1 , X, Y, W, DER,C 1 , C 2 , C 3 , C 4 , C5 , C6 , C 7 , C 3 , C 9 , C 10) 
AK2=H*W
CALL VECTOR (ZK, H , 1 , X, Y, W, EES, C 1 , C 2 , C 3 , C 4 , C 5 , C6 , C 7 , C 8 , C 9 , C 10)
AK3=H*W
X = X + H / 2 - 0
C X I S  NOW X+H
CALL VECTOR (ZK, H , 1 , X, Y, W, EER, C 1 , C 2 , C 3 , C 4 , C5 , C6 , C 7 , C8 , C 9 , C 10) 
AK4=H*K
Y=Y + 1 . C / 6. 0* ( AK1+2 . 0*AK2+2 . 0*AK3+AK4)
RETURN
END !
SUBROUTINE VECTOR ( Z K , H , I , X , Y , W , D E R , C 1 , C 2 , C 3 , C 4 , C 5 , C 6 , C 7 , C 9  
C , C 9 , C 1 0 )
REAL DEE (100)
C MUST HAVE ABSOLUTE VA1UE CE DERIV FCE MODEL
E=A BS (DEE ( I )  )
VI S= (C 1 + C2*D + C3*E*D +C4*D*D*D
C+C5*D*D*D*D+C6*E*E*E*D*D+C7*D*D*D*E*D*D 
C+C8*D*D*D*D*D*D*E+C9*D*D*E*D*D*D*D*D 
C+ C1 0 * E* E* E* D* D* D1*D*E*D)
W= (ZK*X) /  VIS 
RETURN 
END 
C
SUBROUTINE AVG (DER, Q, I F , H , EAD, ZK, U)
REAL EER ( 1 0 0 ) ,  U (10 0) , R A £ I U S ( 1 0 0 )
F I = 3 . 14 159
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Q-0 . 0
DO 1 J = 1 , 1 0 0
RADIUS ( J ) =  ( 1 . 0 -  ( 1 - 0 / 9 9 . 0 *  ( J - 1 . 0 ) ) ) * 3 AD
Q = 2 . 0 * P I * R A E I U S  ( J ) * ( -H) *U ( 0 ) +Q
1 CONTINUE 
VAVG=Q/ ( P I * E A D * * 2 . 0 )
I F  ( I P  . I T . 300)  GOTO 3 
DO 5 J = 1 , 1 0 0
PRI NT,  1 BAD= 1 , RAEIUS ( J ) , ' VZL= • , U (J)  , » J =  ' , J , * DEB = ' , DER( J )
5 CONTINUE
CALL PLCT3 [ U, RACI US , 1 0 0 )
PRINT , 1 FLCW BATE= ' ,  Q
WRITE ( 6 , 2 )  VAVG
2 FC BN AT ( '  ' r 1 AVG V E L = ' , F 1 0 . 4 )
3 CONTINUE 
RETURN
END
C 4 + + + + + + + + + + + + + + + + + + + + + + f + + + + + + + + + + + + * + + + * + + + + + + + + + + + + + + +
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C 44++4 + + + + + -H+44+ + + + ++ + ++ + ++++++++++ + ++ + 4-4+++ + + + + ++ + + + + + +
PURPOSE:
C TO PEC VIDE INFORMATION CONCERNING THE VELOCITY FIELD
C OF THE J ET OF A NON-NEWTONIAN FLUID.
C
C METHOD:
C
C THE MOMENTUM AND CONTINUITY EQUATIONS ARE SOLVED FOR AN
C AXISYHMETRIC,  LAMINAE SUBMERGED JET CF A POWER-LAW FLUID.
C AN I ME LI CI T  F I N I T E  DIFFERENCE SCHEME WAS UTILIZED TO
C SOLVE THE BOUNDARY LAYER EQUATIONS.
C
C DESCRIPTION OF PARAMETERS:
C
C AMCM-JET MOMENTUM
C
C A1-TRIADIAGCKAI  MATRIX
C AL- I N I T I A L  VELOCITY PROFILE MATRIX
C A-TRIADIAGCNAL MATRIX
C E-TRIADIAGONAL MATRIX
C B1=TRIDIAGONAL MATRIX
C E1-TRIDIAGCNAL MATRIX
C C-TRIEIAGCNAL MATRIX
C C1-TRIDIAGONAL MATRIX
C DELTAR- STEP S I Z E  IN THE R DIRECTION
C DENSTY-FLUIE DENSITY
C DERUR—DERIVATIVE OF U WITH RESPECT TO R
C DEEVIS-DERIVATIVE OF VISCOSITY WITH FESPECT TO R
C EEROR-SUM OF THE SQUARE OF THE DIFFERENCES OF THE
C N'CN-DIMENSICNAI VELOCITIES
C F-FOECING FUNCTION
C ITER-NUMBER OF ITERATIONS
C RZGRID-NUME ER CF GRID POINTS IN THE 2 DIRECTION
C NRGRID-NUMB ER OF GRID POINTS IN THE E DIRECTION
C FHI-STREAM FUNCTION
C FOWEBK-POWEE LAW INDEX
C ECWERN-POWEE LAW EXPONENT
C REFVIS-REFERENCE VISCOSITY
C RELAX-RELAX ATICN CONSTANT FOR U
C RELAX2-RELAXATION CONSTANT FOR V
C BM2-RADIUS AT WHICH TEE AXIAL VELOCITY I S  EQUAL TO HALF
C CF THE CENTEE LINE VELOCITY
C RNCN-NCN-DIMENSIONAL RADIUS
C EYNOLD-RYNOIDS NUMBER
C SQUR-SUM OF THE SQUARE OF THE DIFFERENCES BETWEEN
C VELOCITY IN THE DEVELOPING AND FULLY DEVELOPED REGION.
C UZ-AXIAL VELOCITY
C VR-R ADIAL VELOCITY
C XC-NCNDIMENSIONAL DISTANCE
C ++++♦++++++++++++++++++ + ++ + + ++ + ++ + + ♦+ ++ + ++ + + ++ + ++ + + ++ + ++
COMMON UE ( 2 0 , 2 0 1 )  ,  PHI  ( 8 9 , 2 0 1 )  ,  UZ (39 r 20 1 , 2) ,  VR (9 9 , 2 0  1 , 2)
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COMMON EM2 ' 2 0  1) ,A1 (3 9 , 2 0 1 )  , E1 £ 9 9 , 2 0  1) ,C1 ( 8 9 , 2 0 1 )  , ENCN (39)
C , EBRO E (20 1) , V I S  £ 89 ,  20 1) ,  D EG VIS (39 , 20 1) ,  D EEUR ( 3 9 ,  20 1)
DIMENSION
CF ( 3 9 ) , A L £ 6 ) , 0 1  (3 9 ) r VI (39)  , Y 2 ( 3 9 )
C f A (69)  ,  E £89)  r C (39)  , C (39)
C,AMO H ( 2 0 1 ) , DELTAZ ( 2 0 1 )  ,CV {10)
C , D1ST ( 201)
KC= 1
KA1=2
RELAX=0- 3
BELAX2= 1- 0
NRGRID=89
MZGRID=201
NL=2
NU=NRGRID-1 
C C N V R G = 1-0 
DEN STY = 1 0 0 0 . 0  
RAD=6 . 05 E - 3 / 2 - 0  
DELTAR=0. 2 0  
IFLAG=2 
POWERN = 1 . 0  
PCWERK = 1E - 3
C 3 F ( I F I AG . EQ. 1 ) PRINT , 'POWERLAW VISCOSITY MODEL'
C I F  ( I F I AG . EQ.  2 ) PRI NT,  'POWER SERI ES VISCOSITY MODEL*
A L (1) = ( 1 5 0 - 0 * POWEEK/DENSTY/RAD**POWERN)**  ( 1 - 0 /  (2-0-POWERN) )
AL (2) = 0 . 0
AL£3) = - AL £ 1 )  * (1/RAD) ** ( (PCWERN + 1 . 0 )  / P OWF BN)
AL (4) = 0 .  0 
AL £5) = 0 . 0  
AL ( 6) = 0 .  0
REF IS =PO WEEK* (AL (1) /  RAD ) ** (PCWERN-1 -0)
I F  JIFLAG - EQ-  2) CALL SERIES ( DILTAZ, REF I S , AL, CV)
RYNOLD = A I ( 1 ) *DENSTY*FAD/RE F I S
CALL STEPSZ (DILTAZ, DEI TAZ, MZGRID, RAD, DIST ,RYNCID)
CALL VELCTY ( IFLAG,PCWEBN, AL, DELTAR, RAD, NRGRID, MZGRID, UI)
CALL INTVEL (NRC-RI D, MZGRID,  DELTAR 
C,KC)
DO 999 I I E R =  1 , 1 0 0
I F  ( ITER . G T .  25 ) R FLAX= 0 . 7
PRINT 225  , ITER
2 25  FORMAT (» »,  110)
CALL FI NI TE (NRGEID,MZGRID,DELTAR 
C , KC)
I F  ( IFLAG - EQ.  1) CALL PWRIAW { NRGRID,MZGElD, R E F I S , POWERN 
C, POWEBK, DELTAR, UI , RAD)
I F ( I F L A G  - EQ- 2) CALL PWRVIS ( RELA X , NRGRIC , MZGRID, REFIS 
C, CV, DELTAB, UI , RAD)
RYNCLD = UI*DENSTY*EAD/RE FIS
CALL VISDER (MZGRID, NRGRID, CELTAR)
CALL LINEAR JBYHOLD, KC, DELTAR,DELTAZ 
C, NRGRI D, MZGRID)
DO 393  J E=2, MZGRI D
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MAXR =NBGRID-1 
DO 7 7 7  1 = 2 , MAXR 
A ( I ) = A 1  ( I ,  J P )
B ( I )  =B1 ( I ,  J P )
C ( I ) = C 1  ( I ,  JP)
111 CCNTINUE 
B (2) = B ( 2 ) + 4 . 0 / 3 . 0*A (2)
C ( 2 ) = C (2)  -  1.  0 / 3 .  0*A (2)
CALL FCBCE ( KC, JE, RYNOLD, DELTAZ, NRGRID,MZGEID, F)
CALL TRID ( A , B , C , D , F , N I , N U , N R G R I D  )
CALL SETFU (KA 1 , R EL AX, F , J P , NRGRID, MZGRID, KC)
CALL CCNTIN (CONVRG, CELTAR, CELTA2, MZGRID, N E G R I D , J P , K C , KA1 
C, RELAX, EELAX2)
888  CONTINUE
I F  - ITER . E Q .  1 ) GOTO 390
TOTAL= 0 . 0
DO 900  0 = 1 , MZGRID
TOTAL = AES ( UZ ( 1 , J , KC) - UZ ( 1 , J , KA 1) )
I F  (TOTAL . G T .  1 . C E - 4  ) CONVBG=1.0 
I F  (TOTAL . GT.  1 . 0  E - 4 )  GCTC 927  
900  CC NTINUE
CCNVRG = 1 0 . 0
9 2 7  I F  (CCNVRG . G T -  9 . 0  ) GOTO 1100
I F  ( ITER . G T . 70)  CONVRG=1.0
890 I F  (KC . E C .  1 ) GCTO 12
KC= 1
KA 1 =2
GOTO 13
12 KC=2 
KA 1 = 1
13 CCNTINUE
DO 17 J =1 , MZGRI D
DO 16 1 = 1 , NRGRID
UZ ( I ,  J , K C )  =UZ ( I ,  J , K  A 1)
VR ( I ,  J  , KC) =VR ( I ,  J  ,KA 1)
16 CCNTINUE
17 CCNTINUE
9 99  CCNTINUE
1100  CCNTINUE
CALL MCMEN {KC, NRGRID, MZGBI E , UI , RAD, DEMSTI , AMOK ,DELTAE)
CALL HALFW [ NRGRIE, MZGRID, KC, DELTAR)
CALL PLTI T ( K C , N R G R H ,  MZGRIE ,U 1 , V1 , Y2 , DELTAR)
CALL STREAM (DELTAR, NRGRID, MZGRID, K C , D I S T , EYNCLD, PCWERN 
C , AMO M , RAD, UI )
STOP
END
C +++++++++++++++++++ ++ + ++ + + ++ + ++ + ++ + + 4 ++ + ++ + + ++ + ++ + + ++ + ++
SUBROUTINE STEPSZ ( DILTAZ, DELTAZ, MZGRID,RAC , DIST,RYNOLD) 
DIMENSICN DELTAZ (MZGRID) , DI S T ( MZGRID)
FULDEV = .  10 *RYNOLD 
DO 1 J =1 , MZGRI D 
T E S T = ( J - 1 . 0 ) *DILT AZ
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DELTAZ [J )  = DILTAZ
I F  (TEST . G T .  FULEEV) DELTAZ (J)  = 3 . 0 *  DILTAZ
I F  (TEST . G T .  FULEEV) PRINT <417,J
4417 FORMAT J* ' FULLY DEV AT J = ' , I 5 )
1 CCNTINUE 
DIST {1) = 0.  0
DO 2 J  = 2,MZGRID
D I S T {J ) = D I S T  ( J - 1 )  +DEI TAZ( J )
2 CCNTINUE 
RETURN
END
SUBROUTINE VELCTY ( IFLAG, POKEEN, AL , E E I T A R, FAD, NBGRID,MZGBID,U I) 
COMMON UE ( 2 0 , 2 0 1 )  , PHI  ( 8 9 ,  2 01 )  ,  UZ ( 8 9 , 2 0 1 , 2 )  ,VH (8 9 ,  20 1 , 2 )
CCMHOH FM2 ( 201)  ,A 1 (8 9 ,  201)  , E1  ( 8 9 , 2 0  1) ,C1 ( 8 5 ,  20 1) , ENCN (89) 
C,ERROB {20 1) , V I S  ( 8 9 ,  20 1 ) , DEB VIS (39 , 2 0  1) , D E EUR (3 9 ,  20 1)
DIMENSION A L ( 6 )
UI=AL (1)
MRAD= INT ( 1 . 0 / D E I T AR + .  1)
JRAD=MRAD+ 1
DO 20 1= 1 , JRAD
RM= ( 1 - 1 - 0 ) *DELTAE*RAD
U Z ( I , 1 , 1 ) = (  AL (1)  + AL (3)  *RM** ( (POWEBN+1. 0 ) /POSERN ) ) / U I
UZ {I ,  1 , 2) = ( A L ( 1 ) 4  A L ( 3 ) * R M * * (  (POWEBN+1. 0 ) /POWEEN ) ) /  UI
20 CCNTINUE
I F  (IFLAG - EQ.  1) GOTO 30
DO 25 1 = 1 , 6
UZ ( I , 1 , 1) = AL ( I ) / U I
UZ ( I ,  1 ,  2) = AL ( I ) / U I
25 CCNTINUE
30 CCNTINUE
MRA DP2 = MEAD * 2
DO <40 I  = MRADE2, NRGRID
U Z ( I , 1 , 1 )  = 0 - 0
UZ ( I ,  1 , 2 ) = 0 . 0
<40 CCNTINUE
RETURN
END
SUBROUTINE INTVEL (NRGRID , MZGRID, DELTAR
C , KC)
COMMON UE ( 2 0 ,  20 1) , P H I  ( 8 9 ,  20 1) , UZ ( 8 9 , 2 0 1 ,  2)  ,  VR (89 , 2 0 1  , 2)
COM MO N EM2 (201)  ,A 1 (8 9 , 2 0 1 )  , El  ( 8 9 , 2 0 1 )  ,C1 ( 8 5 ,  20 1) ,RNCN (89)
C,ERROR (201)  , V I S  ( 9 9 , 2 0 1 ) , D E B V I S  ( 3 9 , 2 0  1 ) , D E E U R ( 9 9 ,  20 1)
DO 160 J  = 2 ,  MZGRID 
DO 1<4 0 1 = 1 ,  NRGRID 
UZ ( I , J , 1 ) = U Z  ( I ,  1,KC)
UZ ( I ,  J  , 2) = UZ ( I ,  1,KC)
I F  (J  - GT.  2) GOTO 130 
V R ( I , J - 1 , 2 ) = 0 . 0  
VR ( I , J - 1 , 1 ) = 0 . 0  
VR ( I , J ,  1) = 0 . 0
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VR [ I / O , 2 )  = 0 . 0  
GOTO 140
130 VR (I  , J  , 1) =0 . 0
VR ( I , J , 2 ) = 0 . 0
140 CCNTINUE
160 CCNTINUE
RETURN
END
C 4 + 44 + ++ + + + + 4+ + + + + ++++4++4+++4+++++ +44  + + ++ + * + + + + + 4+4 +4 4 ++
SUBROUTINE F I NI T E  {NBGRID,MZGRID,
CDELTA S , KC)
COMMON UE { 2 0 , 201J  , PHI  { 3 9 , 2 0 1 ) ,  UZ ( 3 9 , 2 0 1  , 2 ) , VR 139 , 2 0 1 , 2 )
CCMMCN EM2 {20 1) , A1 { 3 9 , 2 0 1 )  , E1 { 3 9 , 2 0 1 )  ,C1 { 8 9 , 2 0 1 )  ,RNCN {39)
C,  ERROR ( 201)  , V I S  ( 8 9 ,  201)  , DER VIS (89 , 20 1) , D E EUR ( 8 9 ,  20 1)
MAXR =NEGRIE-1 
DO 200 0 = 2 , E ZGRID 
DO 100 1 = 2 , MAXR
DERUR ( I  ,  J)  = (UZ ( 1 + 1 ,  J , K C ) - U Z  ( I - 1 , J , K C )  ) /  {2.  C*DELTAR)
100 CCNTINUE
DERUR{NRGRID, J )= (UZ { NRGRI D- 2 , J , KC)  -  4 . 0 * U1 {NRGRID- 1 , J , KC) 
C+ 3 . 0 * UZ( NRGRI D,  J , K C ) )  /  ( 2 . 0*DELTAR)
200  CCNTINUE
RETURN
FND
C ++++++++++++++++++++++++++++++++++++++++++++++++++++++++
SUBROUTINE PSRLAfc ( NRGEID, KZGRID,REFIS,POKERN 
C, POWEEK, DELTAR,UI ,RAD)
CCMMCN U E ( 2 0 , 20 1) , P H I ( 8 9 ,  201)  ,  UZ {89 ,  20 1 ,  2) , VR {8 9 , 20  1 , 2)  
COMMON BM2 (201)  ,A 1 (8 9 , 2 0 1 )  ,E1 (8 9 , 2 0 1 )  ,C1 ( 8 5 ,  20 1) , RNCN (89)
C,  ERROR {20 1) , VIS {39 , 20 1) , DEE VIS {3 9 , 2 0  1) , D E EUR {3 9 ,  20 1) 
EEFIS=ECWERK* ( U I /  RAD ) ** ( PCWERN- 1-0)
MAXE=NEGBID- 1 
DO 350 J=2, MZGRID 
DO 340 1 = 2 , NRGRID
I F  {DERUE ( 1 , 0 )  -EQ.  0 . 0  ) V I S ( I , J ) =  V I S ( I - 1 , J )
I F  {DEEUE{I , J )  . E C .  0 . 0  ) GCTO 340 
VIS ( I ,  J )  = (AES (DERUR ( I , J ) )  ) ** (POWERN-1.0)
3 40  CCNTINUE 
VIS (1 , J )  =VIS ( 2 ,  J )
3 5 0  CCNTINUE
RETURN
END
C ++++++++++++++++++++++++++++++++++++++++++++++++++++++++
SUBROUTINE PKRVIS ( RELAX, NRGRID, MZGBID, BEFIS 
C, CV,  DELTAR, UI,RAD)
CCMMON UE ( 2 0 , 2 0 1 ) , PHI  ( 8 9 , 2 0 1 ) ,  UZ (89 ,  20 1 ,  2) ,  VR (89 ,  20 1 , 2)
COMMON EM2 (20 1) ,A 1 {3 9 ,  201)  ,E1 (3 9 , 2 0  1) ,C1 (8 5 , 2 0  1) , RNCN (39)
C,  ERROR {20 1) , V I S  {39 ,  20 1) , DEE VIS ( 3 9 , 2 0  1) , D E EUR (3 9,  20 1)
DIMENSIC N CV (1)
MAXB=NEGEID“ 1 
DO 350 J=2, MZGRID 
VIS {1 , J)  =CV (1) / R E F I S
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DO 340 1 = 2 , NRGRID 
E = AB S ( DE BUG( I , J )  )
A= (CV (1) + CV (2) *D4CV (3) *D*D+CV (4) *E*D*D+CV (5) * I * D * D * D  
C+CV ( 6 ) * E* D* D*D*D +CV (7) *D*E*D*D*D*D+CV (8 ) *r*D*E*D*D*D*D 
C+CV(9)*E*D*D*D*D*C*C*D+CV (10) *D*D*D*D*D*D*D*D*D) / R E F I S  
VIS ( I ,  J )  = VIS ( I , J ) + R E L A X *  ( A- VI S  ( I ,  J )  )
340  CCNTINUE 
3 5 0  CCNTINUE 
RETURN 
END 
C
SUBROUTINE SERIES ( D I L T A Z , E E E I S , A L , C V )
DIMENSION AL (6 ) ,CV (10)
C 4 + 4 + + + + + + + + + +  250PPM
REEIS = 0 . CO 17 
DI LTAZ= 0 - 6 0
CV ( 1 
CV (2 
CV (3 
CV (4 
CV (5 
CV (6 
CV (7 
CV (8 
CV (9
= 0 . 0 0 1B62 
= - 6 . 9 9 2 9 6 E - 0 7  
= 3 . 9 2 0  14 E - 10 
= - 8 . 3 9  1 5 3 E - 1  4 
= 0 . 0  
=  0 . 0  
=  0 . 0  
=  0 . 0  
=  0 . 0
CV [ 10) = 0.  0 
AL {1) = C. 3 0 0 9 7  
AL (2) = 0 . 2 8 9  10 
A L ( 3 ) =  0 - 2 5 3  10 
AL (4) = 0 .  19230  
AL (5) = .  1C6070  
AL ( 6) = 0 .  0
C 4♦+++ + + + + + + ++ + END CCNDITIONS++ + + + + + + +++ +
RETURN
END
C 4 + + + +  + + + + + + +  + + +  + + ++ + + + + + + + + + + + + +  + + +  + 4 + + 4. + + ++  + + + + + + +
SUBROUTINE VISDER (MZGRID, NRGRID, DELTAR)
COMMON UE ( 2 0 , 2 0 1 )  , PHI  ( 8 9 ,  20  1) ,  DZ ( 89 , 2 0  1 ,  2) , VR (8 9 ,  20 1,  2) 
COMMON EM2 (20 1) ,A1 (8 9 ,  201)  ,E1 (8 9 , 2  01)  ,C1 ( 8 9 , 2 0 1 )  ,SNCN (99) 
C,  ERROR (20 1) , V I S  ( 8 9 ,  20 1) ,  DER VIS (8 9 ,  20 1) , D E EUR (8 9 ,  20 1)
DO 390  J =2 , MZGRI D 
MAXB=NBGBID-1 
DO 360 1 = 2 , MAXR
DERVIS ( I , J ) = . 5 / D E I T A E * ( V I S  (1 + 1 , J ) - V I S  ( I - 1 , J ) )
360  CCNTINUE 
DERVIS ( 1 , J ) = 0 . 0  
330  CCNTINUE 
RETURN 
END 
C
SUBROUTINE LINEAR (RYNOID, KC,DELTAR, DELTAZ 
C, NRGRID,MZGRID)
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COMMON UE ( 2 0 , 2 0 1 )  , PHI  ( 8 9 , 2 0 1 )  ,  UZ ( 8 9 ,  2 0 1 , 2 )  , VR ( 8 9 ,  20 1 , 2 )  
CCMMON EM2 (201)  ,A 1 ( 8 9 , 2 0 1 )  , E1 (8 9 , 2 0  1) ,C1 ( 8 9 , 2 0 1 )  , RNCN (89)
C,ERROR ( 201)  , VIS ( 9 9 ,  20 1) ,DEB VIS ( 9 9 , 2 0 1 )  , DE FOR ( 9 9 ,  20 1)
DIMENSION DELTAZ (MZGBID)
MAXB=NEGBID- 1 
DO 200  J  = 2 , NZGBID 
DO 100 1 = 2 , MAXR
A1 ( I , J ) = (-  BY NOLD*VR ( I , J , K C ) + V I S  ( I ,  J )  /  { ( I -  1 . 0 )
C*DELTAR)+DERVIS ( I , J )  ) /  ( 2 . 0*DELTAR) - V I S  ( 3 , J ) / DELTAR**2- 0 
B 1 ( I ,  J )  =EYNCLD*UZ ( I ,  J , KC)  /DELTAZ (J)  + 2 - 0 *  VI S  ( I ,  J )
C/ DELTAB**2 .
C1 ( I , J ) =  ((BY NOLD* VR ( I , J , K C ) - V I S  ( I , J ) /  { ( 1 - 1 . 0 )
C*DELTAR)-DERVIS ( I , J ) ) /  ( 2 . 0*DELTAR)-  VIS ( I , J ) / DELTAB* * 2 .  0)
100 CCNTINUE 
2 00  CCNTINUE 
EETUBN 
END
C + + +++ + + + + + + ++++ + + + + + + + + + + + + ++ + + ++++ + + + + ++ + + + + + + + + + + + ++ + +
SUBBOUTINE FORCE ( KC, J E , RYNOLD, DELTAZ, NBGEID, MZGBID, F) 
DIMENSIC N F (NRGRIE) , DELTAZ (MZGRID)
COMMON UE ( 2 0 , 2 0 1 )  , PHI  ( 8 5 , 2 0 1 )  , UZ {89 ,  20 1 , 2) ,  VR (8 9 ,  20 1,  2) 
CCMMON EM2 ( 201)  ,A1 ( 9 5 , 2 0 1 )  , E1 ( 8 9 , 2 0 1 )  , Cl  ( 8 9 , 2 0 1 ) , RNCN(39)
C ,  EBRO B (20 1) , VIS ( 8 9 ,  201)  , DERVIS (89 , 20 1) , D E E UR (8 9 ,  20 1) 
MAXE=NRGRIE-1 
DO 100 1 = 2 , MAXR
F ( I )  = RYNCLD*UZ ( I , J P , K C )  *UZ ( I , J P - 1 , K C ) / D E L T  AZ (JE)
100 CCNTINUE
RETURN
END
C +++++++ + ++ + + ++ + ++ + + ++ + ++ + + ++ + ++++++++++-H-+++++++++++++++
SUBROUTINE I BI D ( A, B , C , E , F , NL,NU, NRGRID)
DIMENSION A (NRGRID) , E (NRGRID) , C (NRGRID) , D (NRGRID) , F  (NRGRID)
c SCALAE TRIDIAGCNAL SCIVER (THOMAS ALGORITHM)
c FL AND NU ABE INDEX L I M I T S ,  NL LE- N . L E . NU
c A , E , C  ARE T B I D I A G O N A I  ELEMENTS WITH THE E ARRAY ON THE Mi!
c DIAGONAL
c D I S  A SCRATCH OB DUMMY ABRAY
c F I S  RHS FCBCING FUNCTION , THE SOLUTION I S  OVERLOADED I f
c THE F ARRAY
D (NL) =C ( NL) /  E (NL)
F (NL) =F {NL) / E ( N I )
NLP1=NL+1
DO 10 N= NLP 1 , NU
Z = 1 . /  (E (N) - A  (N) * D ( N- 1)  )
D (N) =C (N) * Z  
ZP1=ABS (F ( N ) )
ZP2=ABS (A (N) * F  ( N-  1) )
I F  ( Z P 1 - L T -  1 . 0 E - 5  -AND. ZF2 -  LT-  1 . OE-5 -AND.  Z - L T .  0 - 1 )  
CGOTO 30
10 F (N) = (F (N) -  A (N) * F  (N-  1) ) * Z
30 CCNTINUE
C EACK SWEEP
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NUP NL= NU + NL
DO 20 NN=NLF1,NU
N=NUFNL-NN
20 F JN) =F (N) -D (N) *F (N+ 1)
RETURN
END
C 4 + 4 + 4 + + 4 4 4 + 4 + 4 4 + 4 4 + 4 + 4 4 + 4 + 4 + 4 4 + 4 4 + 4 + 4 + 4 + 4 4 + + + + + + + + + + +
SUBEOUTINE SETFU (KA 1 , RELAX, F , J F , NRGRI D, MZGRI D, KC)
DIMENS IC N F(NRGRIE)
COMMON UE ( 2 0 , 2 0 1 )  , PHI  ( 8 9 ,  201)  ,  UZ ( 8 9 ,  20 1 , 2) , VR (89 , 2 0  1,  2) 
COMMON F M2 (20 1) , £ 1  ( 8 9 , 2 0 1 )  , E1  ( 8 9 , 2 0  1) ,C1 ( 8 9 , 2 0 1 )  , RNCN(89)
C,  ERROR ( 201)  , V I S  ( 3 9 ,  20 1) , DEB VIS ( 3 9 ,  20 1) , D E EUR (3 9 ,  20 1)
MAX R = NEGRI E- 1 
DO 100 1 = 2 , MAXR
U Z ( I , J  P , K C ) = U Z ( I , J P , K A 1 ) + R E L A X *  (F ( I ) - U Z ( I  , J F , KA 1))
C IE { F ( I )  . I T .  0 . 0  ) UZ ( I , J P , KC) = 0 . 5  * (  F ( I) )
100 CONTINUE 
UZ ( N R G R I C , J P , K C ) = C. 0
UZ( 1 , J P , K C ) = 4 . 0 / 3 . 0 * U Z  ( 2 , J F , K C ) - 1 . 0 / 3 . 0 * U Z  ( 3 , J P, KC)
RETURN
END
C 4 4+4- 444 4 + 4+ 44 4 4+4 44-4 + 44-4 4 444 4 4+4+4 4 4 4 4 4 + 444 4 44+ 4 44+ + +
SUBROUTINE CCNTIN ( CCNVRG, EE I TAE, DELTAZ,MZGRID, NRGRID, J P , KC 
C, KA1, REIAX, RELAX2)
DIMENSION CELT AZ {If Z GRID)
COMMON UE ( 2 0 , 2 0 1 )  , PHI  ( 3 9 , 2 0 1 ) ,  UZ ( 3 9 , 2 0 1  , 2 ) , VB (39 , 2 0 1  , 2 )  
COMMON FM2 ( 201)  ,A 1 ( 3 9 , 2 0 1 )  , E1 ( 3 9 , 2 0  1) , C 1 (8 5 ,  20 1) , 8NCN (39)
C,ERROR (20 1) , V I S ( 8 9 ,  20 1 ) , DERVIS (89 , 2 0  1) , DEEUR (8 9 ,  201)
VR ( 1 , J P , K C ) = 0 . 0
VT=DELTA E/DELTAZ (JP)  * (UZ ( 2 , J P -  1 , KC) - UZ ( 2 , J E , KC) )
C+ ( 2 . 0 - 2 . 0 ) /  ( 2 . 0 -  1 . 0 ) * V R ( 2 - 1 , J P , K C )
VR( 2 ,  J P , K C ) = V R ( 2 , J P , K A 1 ) + R E I A X 2 *  (VT-VR ( 2 , J E , K A 1 ) )
DO 100 1 = 3 , NRGRID
VT= 2 . C/ 3 . 0*DELTAB/ DELTAZ ( J P ) * { UZ ( I , J P - 1 , K 0)
C-UZ ( I  , J F ,  KC) ) + 4 . 0 / 3 . 0 * V R  ( I - 1 , J P , K C )  * ( 1 - 2 . 0 ) /  ( 1 - 1 . 0 )
C-  1 - 0 /  3 .  0* VR ( 1 - 2 ,  J F , KC)  * ( 1 - 3 . 0 )  /  ( I - 1.  0)
V R ( I , J F , KC)=VR ( I , J P , K A 1 ) 4 R E I A X 2 *  (VT-VB ( I , J E , K A 1 ) )
100 CONTINUE
RETURN
END
C 4 + + 4 + + + + 4 + 4 4 + 4 + 4 + 4 + 4 4 4 + 4 4 4 4 + + 4 + 4 + 4 + 4 4 + 4 + 4 + 4 4 4 + 4 + 4 + 4 + 4 -
SUBROUTINE MCMEN (KC, NRGEID,MZGRID, U I , RAD, CENSTY,AMOM 
C, DELT AE)
DIMENSION AMCM (MZGRIE)
COMMON UE ( 2 0 ,  20 1) , PHI  ( 8 9 ,  2C1)  ,  UZ (89 , 2 0  1 ,  2) ,VR (89 , 2 0  1,  2) 
COMMON EM2 (201)  , £ 1  ( 8 9 ,  201)  , E1  ( 8 9 , 2 0 1 )  , C 1 ( 8 5 , 2 0 1 ) , BNCN (89)
C,ERROR ( 201)  , VIS ( 3 9 ,  20 1 ) , DERVIS (39 , 2 0  1) , DEFUR ( 3 9 ,  201)
MAXR=NEGBIE-1
DO 200  J=1, MZGRI D
AMCM ( J )  =C.  0
R I = 0 . 0
DO 100 1 = 2 , MAXR
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LI T*  1 / 2
Z T T = I / 2 . 0  - . 0 0 0 0 0 0 1
I F  (UZ ( I  f J  , KC) .  GT. 1.  0H- 10)  GOTO 80 
R I = 0 . 0 
GOTO 90
90 .BI=4 .  0*UZ ( I  , J ,  KC) *UZ ( I , J r KC) * ( 1 - 1 - 0 )  *EELTAR
I F  (ZTT . GT.  LTT) R I = R I * 0 . 5  
90 AMCM ( J ) =  AMOK ( J ) + B I
100 CONTINUE
AMOM(J) - 2m0 * 3 . 14159*EENSTY* (UI*EAD)* * 2 *  AMCM (J)*DELTAR* 1 . 0 / 3 . 0  
PRINT 21 , AMCM (J)
21 FORMAT (« » r E 1 1 - il)
200 CONTINUE
RETURN
END
C 4+++++++++++++++++++++++++++++++++++*+++++++++++++++++++
SUBROUTINE HALFR (NEGRIE,MZGRID, KC, DELTAR)
CCMHON U E : 2 0 , 20 1) , PHI  (99 ,  20 1) , UZ (99 , 2 0  1 , 2) , VB (99 , 20  1, 2)
COMMON BN2 (201)  , A 1 ( 8 9 , 2 0 1 )  ,  E 1 ( 8 9 , 2 0  1) ,C1 (8 S,  20 1) ,  ENCN (89) 
C,ERROE (201)  , VIS ( 89 ,  201 ) , DERVIS ( 9 9 , 2 0 1 )  ,DEEUR ( 99 ,  20 1)
DIMENSION JET ( 201)
MAXB=NEGEID-1 
DO 200 J  = 1,MZGRIE 
HALFU= 0 . 5  * UZ ( 1 , J , K C )
DO 100 1 = 1 , MAXR
A1 ( I , J ) = U Z  ( I , J , K C ) /  UZ ' 1 , J , KC)
I F  (UZ ( I , J , KC) . EC.  HALEU ) GOTO 70
I F  ( UZ ' 1 , 0 ,  KC) . GT.  HALFU . AND . UZ (14-1,  J  , K C) .  LT . HALFU) GOTO 7C 
GOTO 100
70 EI= 1+ ( (UZ ( I , J , KC) -HALFU) /  (UZ ( I ,  J  ,KC) -  UZ (I  + 1 , J , K C )  ) ) 
100 CONTINUE 
RM2 (J) =BI
200 CONTINUE
DO 300 J = 1 , MZGRID 
DO 250 KCUNT=1 , 2 0  
TVAL=0. 2
RADIUS=KCUNT*TVAL 
HAXE=NBGRIB-1 
UE (KOUNT, J ) =9 9 9 9  
DO 199 1 = 1 , NRGRIE
RNON ( I )  = ( 1 - 1 . 0 )  * D EL T A R /  ( (RM2 (J) -  1 - 0)  * DELT A F)
199 CONTINUE 
DO 201 1 = 1 , MAXR
I F  (RNCN(I)  . EQ.  RADIUS ) GOTO 192
I F  ( RNON ( I ) . LT. BAEI US. AND. RNON ( 1 + 1 ) . GT. RADIUS ) GOTO 190 
GOTO 201
190 UE (KOUNT, J )  =A 1 ( I ,  J )  4 ( - A1 ( I ,  J )  +A 1 (1+ 1 , J )  ) * ( RADI US 
C-RNON ( I ) )  /  'RNON | I 4  1)-BN0N (I) )
GOTO 201
192 UE (KOUNT, J)  =A1 ( I ,  J)
201 CONTINUE 
250 CONTINUE
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300  CONTINUE
DO 500 J=1, MZGRID 
ERROR ( J ) = 0 . 0  
DO <J00 1=1 , 20
EFROR ( J)  = (UE ( I ,  MZGRID)-UE ( I , J ) ) **2+ERROR ( J )
400  CONTINUE
PRINT 10 ,  ERROR (J)
500 CONTINUE
10 FOBMAT (» ' , E 1 <4. 6 )
DO 13 J =  1 , MZGRID
JPT (J) = J
13 CONTINUE
C CAIL PI CT3 (ERROR,JPT,MZGRID)
RETURN
END
C + + ++•+ + ++ + + + + + +++++++++ + + + + + + + ++++++ + 4+ + ++ + + + + + +++++ + ++ + .,
SUBROUTINE STREAM (DELTAR,NEGRID,MZGRID,KC , DIST, RYNOLD, POWERN 
C,  AMCM ,EAD,  UI)
DIMENSION DIST (MZGRID) ,AMCM (MZGRID)
COMMON U E ( 2 0 r 201)  , P H I  ( 9 9 , 2 0 1 ) ,  UZ (39 ,  201 ,  2) , VR (9 9 , 20 1,  2) 
COMMON EM2 (201)  ,  A 1 ( 8 5 , 2 0 1 )  , E1 ( 8 9 , 2 0 1 )  , Cl  (8 S,  201)  ,  RNON (89)
C , ERROR (201)  , VIS ( 9 9 ,  201 ) ,  DERVIS ( 3 9 , 2 0 1 )  ,  D E FUR ( 99 ,  20 1)
MAXR=NRGRID-1
DO 200 J=1, MZGRID
RM2 (J)  = ( R M2 (J )  - 1 . 0  ) *  DEITAR
PHI ( 1 , J ) = 0 . 0
DO 100 1 = 2 , MAXR , 2
PHI  ( 1 + 1 ,  J) =PHI  ( 1 - 1 , J )  + UZ ( I  ,  J  , KC) * (—2.  0) ♦DEITAR 
C * * 2 * (  1 - 1 . 0 )
PHI  ( I , J ) = 0 . 2 5 *  ( (1 + 1 -  1) *DELTAE*2-0*DELIAR*UZ ( 1 + 1 , J  ,KC) +
C P H I ( I - 1 , J ) + 3 . 0 * P E I  (1 + 1 , J ) )
100 CONTINUE 
200  CONTINUE 
DO <400 J=1 , MZGRI D , 2  
XC=DIST (J) /RYNOLD
C + + +++ + + + + + ++ PRINT OUT++++++++++++++++++++
DO 300 1 = 1 , 1 5
RNO N ( I )  = ( 1 - 1 . 0 ) /  ( RM2 ( J ) - 1 )
RM = ( 1 - 1 .  0) *DELTA.R*BAD 
PHI ( I ,  J)  =UI*RAD*RAD*FHI ( I ,  J)
PRINT 2 0 ,  AMCM ( J )  , EYN OLD, RM , CIST (J)  , VR ( I ,  J  ,  KC) , E M2 (J)
C , XC, A 1 ( I ,  J )  , UZ ( I , J , K C )  , R N C N ( I )  , ERROR (J)
20 FORMAT ( 1 1 , E 1 1 . < 4 , 1 X , E 1 1 . < 4 , 1 X , E 1 1 . < 4 , 1 X , E 1 1 . < 4 , 1 X , E 1 1 . < 4 , 1 X ,  
CE1 1 . 4 ,  1X, E11. <4,  1X, E11. <4,  1X,E1 1 - 4 ,  1X, E11. <4, 1X, E11. <4)
300 CONTINUE
C + + +++ + + + + + +-+PRINT OUT + ++ + + ++++ + + + + + + ++ + + +
DO 290 I = 1 6 , N R G R I D , 4  
RNCN( I ) =  ( 1 - 1 . 0 ) /  ( RM2 (J)  -  1)
RM = ( 1 - 1 .  0) *DELTAR*EAD 
PHI  ( I , J ) = U I * F A C * R A D * P H I  ( I , J )
PRINT 2 0 , AMC M (J)  , BYNCID,RM, CIST ( J ) , VR ' I , J , K C )  ,BM2 (J)
C, XC, A1 ( I , J )  ,UZ ( I , J  ,  KC) , RNON (I )  ,ERROB (J)
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290  CC NTINUE
400  CONTINUE
DO 500 J=1, MZGRID
XC = DIST (J) /EYNOID
PRINT 90 , UZ ( 1 , J , K C )  ,XC
90 FCEMAT {• ' ,E 1 1. 4 ,5X , El  1 .  4)
500  CONTINUE 
PRINT 2 6
26 FCRMAT (» »,1X)
DC 600 J=1, MZGRI D 
XC=DIST (J) /RYNOLD 
PRINT 90 ,  E M 2 ( J ) , X C  
600  CONTINUE 
RETURN 
END
C •» + ++ + + + +  + + + ■♦+ + + + + + + + +  + + +  + + + + + + + + + + +  + 4 +  + + + + + + + +  +  + + + + + + +  + +
SUBROUTINE PLTIT (EC, NRG RI D, MZGRID, U1 , V 1 , Y 2 , DELTAR)
DIMENSION U1 J NRGRI D) ,
CV1 (NRGRID) , Y2 ( NR GRIC)
COMMON UE ( 2 0 , 2 0 1 )  / PHI  ( 9 9 , 2 0 1 ),  UZ ( 3 9 , 2 0 1  , 2 ) , VR {99 , 201 , 2)
COMMON EK2 (201)  ,A 1 (9 9 ,  201)  ,E1 (3 9 , 2 0 1 )  ,C1 (8 5 , 2 0  1) ,BNON (99)
C,  ERROR (20 1) , V I S  ( 8 9 ,  201)  , DERVIS ( 8 9 , 2 0  1) , DE EUR ( 0 9 , 2 0 1 )
DO 500 J=1, MZGRID 
DO 400 1 = 1 , NEGRID 
400 CONTINUE 
500  CONTINUE 
MAXR=N EGEID-  1 
DO 700  J = 1 , M Z G R I D , 4 
DO 600 1 = 1 , MAXR 
U1 ( I)  =UZ ( I , J , K C )
V1 ( I )  = VR ( I , J  , KC)
Y2 (I)  = ( 1 - 1 . 0 )  *DELTAR
C NEXT TSO LINES ARE FOE PLOTS OF UM VS- R/RH2
U 1 ( I )  = A 1 ( I , J )
Y2 ( I )  = ( I - 1) * DELT A E/  ( (RM2 ( J )  -  1) * DELTAR)
600  CONTINUE
C CALL PLOT3 |U1,Y2,MAXE )
700  CONTINUE
RETURN
END
C ♦ + + + +  + + + + + + +  + + ++ + + + + 4 4 4 4  + 4 - 44- 4444- 44-  + 4  * + + 4 + + + + + + + + + + + +  +4-4 4
C 4 + + + + E N D  P B C G 4  + + 4  + + 4-+ + ++ + + + + 4 + + + + + + + 4 + + + +
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Reset
AO ►
SCHEMATIC _DIflGR AM FOR COMPUTES INTERFACE
^ J _ 5  1^ *6
0 4 3
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T
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---------J -PIS INH |
-ccs0 |74LS139
AEN >
P A O -2 S ta r t  Count
1NH Enable
ARM Enable
INT EnablelOSel »
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-  IOR J DMA Enable
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xxxx
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2.2K
CCS 2
SkiP j>CPu
CPd
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Skip
MR PL PO-3
= J P A 0 - 2 i =
S t a r t  Count JJJ
Vcc
-ARM Pulse
Vcc 0 4 1
I N H  g>
Clk
-OIS INH 74
742 742
— 4PA7H—  
DMA Enable
Vcc
DREQx
Clk
CLOCK ►
86
- D A C K X ►
| DR D-
tPA 6  
INT Enable
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I/O Decode for  prototupe card
A9 A8 A7‘ A6 A5 A4 A3 A2 A1 AO
(HEX) 3 0 0 1 1 0 0 0 0 0 0 0 0
(HEX) 3 1 F 1 1 0 0 0 1 1 1 1 1
DECODING RANGE 1 1 0 0 0 X X X X X
DO
D7
-IOR 
-IOW 
AO 
AI 
A2 
A3 
A4 
+ AEN
+Reset
Clock
+TC
-DACK3
+DRE03
-hreOs
A15
spare
74LS245
? 18
3 17
4 16
5 15
6 14t 13
8 12
9 1 1
DIR
G
74LS2441
G1
2 18
17 3
4 16
15 5
6 14
13 7
8 12
1 1 9
1
19
Vcc
74LS244*
Gl
g:
2 18
17 3
4 16
15 5
6 14
13 7
8 12
1 1 9
1
19
DB 3 7  connector 
pin configuration
19
18
17
16
15
14
13
12
5  
4 
10 
9 
8 
7
6 
1
27  
26
3 2  
31 
3 0
28
33
DO
D7
-IOR 
-IOW 
AO 
A1 
A2 
A3 
A4 
+ AEN
+Reset 
Clock 
+TC 
-DACK3 
+DREQ3 
+ IRE05 
AI5
Vcc
A5
A6
A7
A8
A9
=Ek
74LS138
SW  
A1 
A2 
El 
-E2  
£ L
o
,.11
7 9
9 -I/O Decode
Vcc ■ 
Ground•
36  Vcc
37  Ground
2 0 9
S i g nal  B u f f e r  I n t e r f a c e
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GND 
( 37. ) +5 V
CLOCK 
RESET DRV
IRQs
DRQ* 
-D A C K i• 
+ TC 
A1 5 •
♦  AEN GND 1 21 ->■ +AEN
(5 %  )+ 3 V 2 22 — >
3 23 — >■
-I0W 4 24 - >  -I0W
-I0R 5 25 - * ■  -I0R
A4 6 26 - >  A4
A3 210 n s . CLOCK 7 27 - *  A3
A2 RESET DRV * - 8 28 - >  A2
A1 I R Q 5 9 29 -»■ A1
AO 10 30 - >  A0
-10 DECODE DRQ 3 -»- 11 31 - ►  -10 DECODE
D7 -DACK3 * - 12 32 - * •  D7
D6 ♦ TC 13 33 - >  D6
D5 A1 5 14 34 - >  D5
D4 X 15 35 - >  D4
D3 X 16 36 D3
D2 X 17 37 - >  D2
D1 X 18 39 - >  D1
DO X 19 39 - >  DO
X 20 40 X
H AL F  
CONNFCT/QN TO 
pc-m/r
CABLE TO PC
i
CONNFCT/ON TO 
/ AfTFPFA FF BOAPD
C a b l e  P i n  L o g o u t  D i a g r a m
-  2 1 0  -
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PURPOSE:
TH IS  PROGRAM I S  USED TO READ DATA FROM THE IDA-COUNTER 
PROCESSOR U NI T -  ALL OF THE DATA I S  BEAD FE CM THE LDA-COUNTER 
PROCESSOR UNIT TO A MICHOCCMPUT EE THROUGH THE PC-LDA INTERFACE 
EOARD BUILT AT THE UNIVERSITY OF WINDSOR. WITH THE AID OF THE 
INTERFACE THE MICROCOMPUTER I S  ABLE TO READ QUANTITIES SUCH AS 
BURST T I ME ,  TRANSIT T I ME,  FRINGE NUMBER AND THE DOPPLER 
FREQUENCY.
METHOD:
THE DETAILS CF THE DATA ACQUITSION PORTION CF THE PROGRAM I S  
LISTED EELON.
1) GET INPUTS A) RETRIEVES ALL THE PERTINENT
INFORMATION CONCERNING THE IDA
SUCH AS THE CALIBRATION
CONSTANT,NUMBER CF DATA SETS REQUIRED
ETC.
1) I N I T _ L E  A INTERFACE A) RESETS ALL THE 8 2 55 A - 5  REGISTERS.
B) LOADS T E E~ 8 2 5 5'  S COMMAND REGISTER 
WITH THE PECPER
MODE AND DIRECTION CODE.
C) DETERMINES THE PC-LDA’ S COUNTER CODE 
FROM TEE COUNT INPUT.
D) DISABLES ALL THE INTERFACE HARDWARE 
FLAGS AND ENTERS THE COUNTER CODE.
E) RESETS THE INTERFACE COUNTER 5 
CONTROL LOGIC WITH A NEK COUNTER 
VALUE.
F) SENDS A CLEAR I N H I B I T  SIGNAL TO MAKE 
SURE THE I N H I B I T  { - I N H)  SIGNAL TO
THE LDA-CCUNTER PROCESSOR I S  CLEAR.
2) POLLING_RCUTINE THIS  ROUTINE DOES THE ACTUAL DATA
ACQUISITION
A) TESTS THE PC-LDA SYSTEM REGISTER 
NUM3ER 2 FOR THE STATUS OF THE DATA 
READY (4ER) L I N E .
B) I F  I T  CONTAINS A LOGIC ONE (»1»)  I N  
BI T 7 THEN THE ROUTINE WILL READ AND 
STORE THE NEWLY ACQUIRED DATA
3) THE MAIN FROGRAM TH IS  USES THE PREVIOUSLY DISCUSSED
PROCEDURES TO
A) CLEAR THE SET CF OLD DATA.
B) I N I T I A L I Z E  TO PC-LDA INTERFACE.
C) CLEAR THE POLLING COUNTER TO ZERC-
D) THEN RUN THE POLLING ROUTINE.
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- V EL O C I T Y  BEADI KG 
-FREQUENCY SHIFT  
—LDA CALIBRATION CONSTANT 
-TURBULENT I NT E N S I T Y  
-STANDARD DEVIATION  
-AVEEAGE VELOCITY  
-DUMMY ARRAY 
-DUMMY ARRAY
DESCRIPTION OF PARAMETERS:
VELOCITY  
FREQUENCYSHIFT  
CALI3RATIGNCCNST  
RELATIVETUR3ULENTINTENSITY  
STD
APRIME 
DATA 
SOUTPUT
{ + + + + + 4 + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + }
[START PROGRAM}
CONST
BASE = $ 8 3 0 0 ;
TYPE 
ST 1 0 
VAR
SOUTPUT 
DATA
I ,  J r  0 1 /
KOUNTP 1,
FLAG
V ELO CI TY,
= S T E I N G [ 10 ] ;
REAL;: ARRAY [ 0 . .  1 2 ,  0 . . 5 0 0  } OF 
: ARRAY [ 0 . .  6 000  ] CF BYTE;  
COUNT, EOLL__COUNTER, A1,  NUMPCRTTIM2, 
NPORT, NSET, NUMVAL, TESTC,  T CTALNUM, 
: INTEGER;
FREQUENCYSHIFT,  CALIBRATIONCONST,
M,
B 1,
KOUNTOfi , 
HOLD ,
RADIA L D I S T , A X I A L E I S T ,  POWEEN, COSTHETA,  
R E LA T IV ET UR BUL ENT IN TEN SI TY , STD,  APRIME,  
: REAL;
: CHAR;
: ST 10;
PUTCNFILE;FORWARD;
CALCCUTPUTDATA;ECRWABD; 
VELOCITYCALC;EORWARD;  
AVGjFCRKARD;
STD_DEVJFOBWARD;
TURBULENT INTENSITY;FORWARD;
=============}
PEEVICUSVELOCITY, 
OIDRADIALPOSITION
COMMAND 
HEXCODE 
PROCEDURE 
PROCEDURE 
PROCEDURE 
PROCEDURE 
PROCEDURE 
PROCEDURE 
[ = = = =  = = =
[ D E F I N I T I O N  
£===== = = ==== =
OF PEOCEDURES
PROCEDURE GET INPUTS
BEGIN 
CLRSCB;
N SET := 5 0 0 ;
WRITELN { 'NUMBER OF SETS SET AT ,
[SET THE NUMBER CE PORTS TO READ 
INFORMATION THAT IS NEEDED TO DC 
NPORT:=6 ;
[SET CALIBRATION CONSTANT FOR LDA 
UNITS OF ( M / S / C Y C L E ) }
C A L I B R A T I O N C O N S T : = 2 . 2 3 3 4 E - 6 ;
WRITELN ( 'CAL C O N S I = ' , CALIBRATIONCONST)
' , NSET) ;
AT 6 T H I S  WILL 
ANY ANALYSIS}
GIVE ALL THE
TIMES 1 E- 6  TO GET
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C O S T H E T A : = 0 - 9 9 0 2 6 S 1 ;
WRITELN ( 'COS OF T H E ! A = ' , CCSTHETA) ;
{WRITELN { ' I N P U T  THE POKER-IAW I N D E X ' ) ;
READ (PCWERN) ;)
FOWERN; = 1 . 0 ;
WRITELN {'POWER LAW I ND EX SET A T ,  » ,POWERN);
{WRITELN { ' I N P U T  FRECUENCY S H I F T ' ) ;
READ { FR EQUENCYSHI FT) ; )
FREQUENCYSHIFT:  = 3 E 5 ;
WRITELN ( ' + ♦  + + + + + + + + + ++ + + + + + + + + + + + + *+++++■+•) ;
WRITELN { 'FREQUENCY S H I F T  SET AT , ' ,FREQDEKCYSHIFT)  ;
W R I T E L N ( '  + ++• + + + + + + + + + + + + + + + + + + + + + + ♦  + + + + + + ' ) ;
WRITELN ( ' OLD VALUE OF RADIAL D I S T .  = ' , OLDEADI ALPOSI TI ON:  10) ; 
WRITELN ( 'OLD VALUE OF VELOCITY = • , A DDVELGCI TY:6) ;
W RI TE LN; WRI TELN ; WFI TELN ; WR ITE LN ; WRITELN;
WRITELN { ' I N P U T  RADIAL DIST (Y AXIS R E A D O U T ) ' ) ;
FEAD ( B A E I A L D I S T ) ;
O L D R A D I A L P O S I T I O N : = R A D I A L D I S T ;
I F  ( R A C I A L D I S T > 9 0 . 0 )  THEN 
BEGIN
R A D I A L D I S T 1 0 0 + FADJALDIST  
END;
WRITELN;
WRITELN { ' I N P U T  AXIAL DISTANCE (X AXIS ON EE ADC UT) ' )  ;
READ ( A X I A L D I S T ) ; WRITELN;
WRITELN ( ' I N P U T  REYNOLDS NUMBER (EASED OH AVG. FLOWRATE) • ) ;  
READ (REYNCLDSNUMEER) ;
WRITELN;
WRITELN { 'THE DATA I S  EEING T A K E N ! ' ) ;
{SET ALL OUTPUT VALUES SOUTPUT =0 )
FOR I : = 0  TO NSET DO 
BEGIN
FOR J 1 : =  0 TO 12 DO 
BEGIN
S O U T P U T [ J 1 , 1  ] : = 0 . C  ;
END ;
END;
T ES T C: = N E O B T * N S E T;
FOR I : =  0 TO TESTC CO 
BEGIN
D A T A [ I J  := 0 ;
END;
END ;
{ 3
PROCEDURE I N I T _ L D A  I  NTERFACE (COUNT: I N T E G E R ) ;
VAR
COMMAND, OFFSET : AERAY[ 0 . - 2  ] CF BYTE;
I ,  COUNTER : INTEGER;
BEGIN
COMHAND[0 ] : =  399 ; { 9 2 5 5 - 0  PA,PE=CUTPUT, PC=INPUT }
COM MAN D[ 1 ] : =  $9E ; { 9 2 5 5 - 1  PA, P E, PC=INPUT }
CCMMANtf 2 J : =  $ 9 E ;  { 9 2 5 5 - 2  P A , P E , P C = I N P U T  }
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O F F S E T [ 0 ]  : =  0 ;  [ CFFSET ADDRESS CF 8 2 5 5 - 0  }
OFFSET[  1 j  : =  9 ;  { OFFSET ADDRESS OF 9 2 5 5 - 1  }
O F F S £ T [ 2 ] : =  1 2 ;  ( CFFSET ADDRESS CF 8 2 5 5 - 2  }
PORT[BASE + 4 ]  : =  0 ;  { ISSUE A SOFTWARE RESET }
FOR I : = 0  TO 2 DO { LOAD EACH 8255  MCDE REGISTER }
FORT[BASE +OFFSET[ I  ] + 3 ]  : =  COMMAND[I ];
{ LOAD CCUNT TO INTERFACE CARD }
I F  'COUNT >0) AND (CCUNT <7)  THEN 
BEGIN
I F  [COUNT <4)  THEN 
BEGIN
WRITELN {• COUNT-1 = ' ,  COUNTER);
END
ELSE
BEGIN
COUNTER := 6 -  CCUNT;
FND
END
ELSE
BEGIN
WRITELN;
WRITELN |-»G, » CCUNT = ' ,  CCUNT:4,  » COUNT EEECR ' ).*
HALT
END;
{ LOAD AND SET PC-LDA INTERFACE' S COUNTER }
{ CLEAR LDA COMMAND REG. DIScDMA D I S ; I N T  DIS;A3M DI S : I NH 
SET;COUNT }
PORT[B ASE +OFFSET[ 0 ] + 0 ]  : =  300 CR 3 0 0  CE 300 OR 500
OR COUNTER;
PORT[BASE + 5 ]  : =  C; ( SET INTERNAL COUNTER )
PORT[EASE +6 ] : =  0;  { CLEAR I NHI BI T ANE DMA }
{ ENABLE THE ARM AND INH FLAGS }
( LOAD IDA COMMAND REG.  EIS:DMA D I S : I N T  EN:ARM EN:INH 
SET:COUNT }
PORT[BASE +CFFSET[ 0 ] + 0 ]  : =  300  OB $00 CE 32C CR 310
OB COUNTER;
END;
PROCEDURE HEX [DATA : INTEGER ;VAR HEXCODE ; ST10;  VAR A1, B1 
; INTEG E H ) ;
CONST
HEX STH ; ARRAY I 0 . . 1 5 "  OF CHAR = [ ' 0  • ,  ' 1  ' , « 2 ' , ' 3 » , ' 4 t , f 5
, ' 6 ' , ' 7 »
i g i ^  i g • ,  »A ' ,  * B ' # ' C* * l E , , l E , , , F ' )  ;
DEX_STR ; ARRAY £ 0 - .  1 5 ]  CF INTEGER = 1 0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 ,
8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5 ) ;
BEGIN
HEXCODE : = «$»+ HEX STR[ [LATA AND 3F0)  SEB 4 ]
+ HEX_STE[ LATA AND l O F  ];
A1 : = DEX_STR[ (DATA ANE $F0)  SHE 4 ] ;
B1 := DEX~STR[ BATA ANE 30F ];
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END ;
PROCEDURE DISPLAY {VAR A1 , E 1 : INTEGER ) ;
BEGIN
CLRSCB;
{ * * *  I N I T I A L I Z E  CATA COUNTER }
COUNT : =  0 ;
FOR I : = 1  TO NSET CO 
BEGIN
FOR J : =1  TO NPORT DO 
BEGIN
HEX (DATAC COUNT] ,  HEXCODE , A 1 , B 1) ;
KCUNTOS := { 2 * J  } - 1  ;
SOUTPUT [ KCUNTOR ] £ I  ] : =  A1;
KCU NTP 1: = KCDNTCR+1;
SOUTPUT [KCUNTP1 ] [ I  ] : = B1 ;
I F  (KGUNTOB= 11) THEN
BEGIN
END;
COUNT : =  CCUNT +1 ;
TESTC:=NSET*NPORT;
I F  (COUNT > TESTC) TEEN 
BEGIN
WRITELN; WRITELN {-.G, ' THE DATA ABBAY HAS BEEN EXCEEDED ! I ' )  ; 
E X I T ;
END ;
END;
FND;
SOUND( 1000)  ;
DELAY ( 200)  ;
NOSOUND;
WBITELN { 'THE TBAVEBSE CAN BE MOVED NOW!! J J ! I I i ' ) ;
[GOTO PEGC. TO CALC. THE DCF. FREQ. BURST T I M E ,  TRANSIT T I ME}  
CALCOUTPUTDATA;
[AVERAGE VELOCITY CALCULATION}
VELOCITYCALC;
END;
{ 3
PROCEDURE CALCOUTPUTDATA;
BEGIN
[CALCULATE DOPPLER FREQ. BUFST TIME AND TRANSIT TIME}
FOR I : = 1 TO NSET DO
BEGIN
[BURST TIME I N  MIGASEC-}
SOUTPUT[ 1 , 1 ]  : =  ( SCUTEUT[1 , 1  ] * 1 6 . 0 +SOUTPUT[2 , 1 ] )
*  (EXP ( {SOUTPUT[ 3 , 1  1 - 3 0 .  9 S 7 - 1 9 . 9 31 57 )  *  LN (2) ) ) ;
[FRINGE 8}
SOUTPUT[2 , 1 ] : =  SCUTPUT[6 , 1  ] ;
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{TRANSIT T I ME I N  SEC}
SOUTPUTf 3 , 1 ] :  = ( S 0 D T P U T [ 7 , I  ] * 1 6 + S O U T P U T [ 8 , I  ])
*  EXP (SOUTPUT[9 , 1  ] *  LN {2) ) * 1 0 0 . 0  *  0 . .0 0C0 03 00 1  ;
{DOPPLER FREQUENCY I N  CYCLES PER SECOND}
SOUTPUTf l i , I ]  : =  1 4 . 9 6 * (S OU T PU T [1 1 , I } * 1 6 + S C U T E U T [ 1 2 , 1 ] ) *
EXP (SOUTEUT[ 1 0 , 1  ] *LN (2) ) ;
END;
{END CALCULATION CF DOPPLER FREQ. ETC.}
END ;
{ }
PROCEDURE VELOCIT YCALC;
BEGIN
FOR M: = 1 TC NSET EO 
BEGIN
S O U T P UT { 5 ,M ] : = CA L I BE A TI O N CC N ST *  (SOUTPUT[4,C ] - FREQUENCYSHIFT) ; 
{ SOUTPUT[5 ,M ] I S  NOW INSTANTANEOUS VELOCITY}
S O U T P U T [ 5 , M ] : =  SOCTPUT[5,M ] /COSTHETA;
{WE HAVE JUST PUT I N  A FACTOR TO TAKE INTO ACCOUNT THAT THE LD 
I S  AT AN ANGLE TC THE FLOW}
WRITELN;
END ;
NUMVAL:=NSET;
{CALCULATE THE VELOCITY AVG-}
AVG;
STD_DEV;
NUMVAL:=TOTALNUM;
TURBU L EN TI N 1 E N S I T  Y;
WRITELN (* + + ♦ +  + + + + ■+ + + + + + + + + + 4 + + + + f  + 4-f  + + +++ + 4 + + + + + * ) ;
WRITELN { '  AVG V E L =  1 , A P R I M E : 9 , ' M / S ' , » STD DEV= ' , STD: 3) ; 
WRITELN (•  +++ + + + + + + + + + + + + + + + + + + + + + + •» ++++++ + ■» + + + + + « ) ;
{WRITELN ( ‘ THE RELATIVE TUREULENT I N T E N S I T Y  I S  = * ,  
RELATI VETURBULENTI NTENSI TY: 4 )  ; }
PREVIOUSVELOCITY:=ADDVELOCITY;
SOUND ( 540)  ;
DELAY (50)  ;
NOSCUND ;
SOUND ( 740)  ;
DELAY (50)  ;
NOSCUND;
SOUND ( 5 4 0 ) ;
DELAY (50)  ;
NOSOUND ;
SOUND ( 440)  ;
DELAY (50)  ;
NOSCUND;
SOUND ( 140)  ;
DELAY ( 100)  ;
NOSCUND;
END;
( }
PROCEDURE AVG;
BEGIN
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A DD VELC CI TY: =0 .  0 ;
A P R I M E : = 0 .  0;
WRITELN;
FOR n : = 1  TC NUMVAI DC 
BEGIN
A P H I M £ : = S O U I P U T £ 5 , M ] + APR I K E ;
END ;
APRIME: = APRIME/NU£!VAI ;
END;
{ }
PROCEDURE STD_EEV;
BEGIN 
S T D : = 0 . 0 ;
FOR H: = 1  TC NUMVAI DC 
BEGIN
STD : = {  S O U I P U T £ 5 , M ] - A P R I M E )  * (  SOUTEUT£5 , M > APEIHE) +STD;
END;
S T D : = S Q R T ( S T L ) ;
END;
PROCEDURE TURBULENTINTENSITY;
BEGIN
R E 1A TI VETU REUI ENT IN TEN SI TY  : = 0 ;
FOR I : = 1  TC NUMVAI DC 
BEGIN
R ELATI VET UR BUL ENT IN TEN SI TY; = (ADDVELCCITY-SCUTPUT£5 , 1 ] ) *  
( A D D V E L O C I T Y - S O U T P U T £ 5 , I ]) + R E L A T I V E T U R B U L E M I N T E N S I T Y ;
END;
R EL ATI  VETU RBULENT INTENSI TY  :=SQRT 'RELATIVE T L’BBULENTINT ENSITY  
/ NUHVA1 / ADDVELOCITY;
END ;
{ }
PROCEDURE ECLLING ROCTINE;
VAR
I  : INTEGER;
BEGIN
REPFAT
I F  (POBT£ E ASE + 2 ]  AND $60)  = $ 9 0  THEN 
BEGIN
{ WRITELN {» READING DATA NUMBER POLL_CCUNTEB:3 ) ; }
H A L F I T : = ECUND ( N S I T / 2 )  ;
I F  (HALFIT  = POLL COUNTER ) THEN BEGIN 
DELAY ( 500)  ;
END;
FOR I : = 1  TO NPORT DO 
BEGIN
DATA[PCLL_CCUNTEH ] :=  PORT[ EASE + 7 ] ;
POLL COUNTER := PCLL COUNTER + 1;
END;”
POHT[BAS E + 6 ]  : =  0; ( CLEAR INH L I NE }
PORT£BASE + 5 ]  : =  0; { SEND THE NEXT ARM PULSE }
END
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UNTIL ( ( F O I L  COUNTER >= NPCET*NSET)  OR (KEYPRESSED) ) ;
POBT[B AS E + 0 l  : =  C; { RELEASE LDA }
REPEAT
DISPLAY ( 2 1 , E 1 )  ;
P U T C N F I L E ;
COMMAND: =  ’ A ' ;
UNTIL  (UPCASF (COMMAND) <> ' Y ' ) ;
END ;
{ F I L E  STORAGE PRCC. }
PROCEDURE PUTCNFILE;
LABEL CCNTINUECN,  CONTINUE;
VAR
F , G : F I L E  CF BEAL;
FILENAME , GFLUSFI I ENAME : S T R I N G £ 1 9 ] ;
RESPONSE i S T R I H G  [ 3  ];
DUMMY : E E A L ;
BEGIN
DUMMY: = 0 . 0  ;
WRITELN;
WRITELN { ’ QUICK STORAGE ? ONLY AFTER 1 ST POI NT (Y/N)  * ) ; 
PEADLN (RESPONSE) ;
I F  (RESPONSE = ' Y ' )  OB (RESPCNSE=' YES•)
OR (RE SECNSE=1Y ' )  CR (RESPONSE= ' YES »)
THEN BEGIN  
GOTO CCNTINUECN  
END;
WRITE ( 'DO YCU WANT T H I S  DATA STORED ON D ISK  ? ( Y / N ) ' )  ;
READLN (RESECNSE) ;
I F  (RESPCNSE= • Y 1 ) OR (RESFCNSE= ' YES ' )
CR (RE SECNSE=' Y 1) CR (RESFONSE= • YES ' )
THEN BEGIN 
WR IT E LN ;
WRITE { ' I S  T H I S  AN A DD IT ION  TO AH E X I S T I N G  F I L E  ? ( Y / N ) ' )  ;
READLN (RESPONSE) ;
I F  (RESPONSE = ' Y 1 ) OB ( RES PONS E= » YES ’ )
OR (RE SPCNSE=' Y ' )  CR (RESPONSE=' YES •) {3}
THEN BEGIN
WRITELN { ' I S  THE F I L E  NAME THE SAME ? ( Y / N ) ' )  ;
READLN (EESECNSE) ;
I F  (RESPONSE = ' Y ' )  OB (BESPCNSE=' YES• )
OR (RESPONSE^' Y ' )  CR (RESPONSE= ' YES ' )  (2)
THEN BEGIN 
F I L EN AM E: = FI L EN AM E;
GOTC CCNTINUECN  
END;
WRITELN ( 'ENTER FILENAME ( I E .  N A M E . D A T ) ' ) ;
READLN (FILENAME)  ;
CCNTINUECN:
( OPLUSFILE NAME:= ' 0 ' + FILENAME ;
ASSIGN ( G / C P L U S F I L E N A M E ) ;
RESET (G) ;
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SEEK ; G , F I L E S I Z E  ' G ) ) ;
EOR I : = 1  TC NSET CO 
BEGIN
WRITE ( G , DU M MY ) ;
WRITE (G, SOUTPUT[ 1  , 1  ]) ;
WRITE ( G , S O U T P U T [ 2 , 1 ] )  ;
WHITE ( G , S O U T P U T [ 3 , 1 ] )  ;
WRITE (G, SOUTPUT[4 f I  ] ) ;
WRITE (G,POWER N) ;
WRITE ( G , R A D I A 1 D I S T ) ;
WRITE ( G , A X I A L D I S T ) ;
WRITE (G,REYNOLCSNUMBER) ;
WRITE (G , APRIME) ;
END;
CLOSE ( G ) ;  )
ASSIGN { E ,F I LENAME)  ;
RESET ( F ) ;
SEEK ( F , F I L E S I Z E  ( E ) ) ;
WRITE ( F , DUMMY) ;
WRITE ( F,POWERN);
WRITE (F r R A D I A LB I ST )  ;
WRITE ( F , A X I A L D I S T )  ;
WRITE (F,REYNCLDSNUMEER) ;
WRITE (F , APRIME) ;
WRITE ( F , R E L A T I V E T U R E U L E N T I N T E N S I T Y ) ;
CLOSE ( F ) ;
GOTO CCNTINUE
END ; |3)
WRITELN ( 'ENTER FILENAME ( I E .  N A M E . D A T ) ' ) ;  
WRITELN;
READLN ( F I L E N A M E ) ;
{ O P L U S F I L E N A M E : = ' O ' ^ F I L E N A M E ;
ASSIGN ( G , C P L O S F I I E N A M E ) ;
REWRITE ( G ) ;
RESET (G) ;
FOR I : = 1  TC NSET CO 
BEGIN
WRITE ( G / DU M MY ) ;
WRITE (G,SCUTPUT[  1 , 1  ]) ;
WRITE (G, SCUTPUTL 2 , 1  ]) ;
WRITE (G ,SCUTPUT[  3 , 1 ]) ;
WRITE (G r SCUTPUT[ 4 , 1 ]) ;
WRITE ( G, POWERN) ;
WRITE ( G, RAEIALD 1ST) ;
WRITE ( G , A X I A L D I S T ) ;
WRITE (G,REYNCLDSNUMEER);
WRITE (G,  APRIME)  ;
END ;
CLOSE (G) ; }
ASSIGN ( F ,  FILENAME) ;
REWRITE ( F ) ;
RESET (F) ;
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WRITE {F,DUK2JY) ;
WRITE ( F , P O K E E N ) ;
WRITE ( F , R A E I A L E I S T ) ;
WRITE [ F , A X I A L D I S T ) ;
WRITE ( F , REYN CLD S» OHE ER) ;
WRITE (F , APRIME)  ;
WRITE ( F , REL ATI VETUR EOL ENTI NTENSI TY)  ; 
CLOSE ( F ) ;
END ;
CCNTIN UE :
END ;
( ====================}
[ MAIN FEOGEAM EEGIN ]
[ = = = = = = = = = = = = = = = = = = = = j
BEGIN 
REPEAT 
GET_I NFU1S ;
I N I T _ L E A _ I N T E E F A C E  (NPORT) ; 
POLL__CCu"NTEE : = 0 ;
POLLING EOO TI NE;
PORT[ EASE + 1 ]  : =  0 ;
UNTIL ’ UPCASE (CCMEANC) = ' £ » )  
END.
{ RELEASE THE LDA }
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PURPOSE:
T H I S  PROGEAM I S  DESIGNED TC NONDIMENSIONAL12E ANY VELOCITY  
DATA SET.  THE VELOCITY I S  NOHDIMENSICNALIZED WITH THE 
MAXIMUM V E L O C I T Y .  THE RADIUS IS NONDIMENSIONALIZED WITFl THE 
HAL? RADIUS.
METHOD:
THE PROGRAM I S  WRITTEN IN  TURBO PSCAL AND RILL RUN ON ANY 
IBM CO KP ATIELE COMPUTER.
THE PROGRAM U T I L I Z E S  A SEARCH PROCEDURE TC F IND THE MAXIMUM 
V E L O C I T Y .  THE HALF-RADIUS I S  FCUND BY L I NEAR INTERPOLATIC N.
DESCRIPTION OF PARAMETERS:
F , G -  T E X T FI L E S
I , I I I , I I A , J , K , K M A R K , L , L M A R K , M  -  COUNTERS 
RAD -  EXPERIMENTAL RADIUS READINGS
VEL -  EXPERIMENTAL VELOCITY READINGS
BM_2 -  HALF RADIUS
H AL F U, R M_ 2 1r R M _ 2 2 , R A E I U S , T E M P R , TEMPU,MAXVEL,
NCNDIM RM_2 -  DUMMY VARIABLES
+ + *  + + + + f  + + + + + +  + + +■»+ + ++  + + + + +  + + + + + + + + + + +  + + + 4  4 + + + }
VAR
F ,  G : TEXT;
F I L E N A M E , T E X T F I L E  : STRING [ 1 1 ] ;
I I A , I ,  G , K , K M A R K , I I , L , M , L M A R K , I I I  - . INTEGER;
A R A D , A V E I , R A D , V E L  : ARRAY [ C - - 1 C 0 0 ]  OF REAL;
RESPONSE : STHI!JG[ 3 ]  ;
R M_21 , RM—2 2 , HALFU, RM_2, RADIUS, TE MPR, TE M?U , EA XV E L , I N C ,  NONDIM,
' BM_2:BEAL;
BEGIN
{INPUT F I L E  NAMES}
WRITELN ( ‘ MAX 10000 DATA P T S » ) ;
WRITELN {‘ PRINT FILENAME TC READ FR O M' ) ;
READLN ( F I L E N A M E ) ;
WRITELN ( ' I N P U T  TEXT F I L E  TC WHICH THE DATA SHOULD G O ' ) ;
READLN ( T E X T F I L E ) ;
{ASSIGN A LETTER NAME TC F I L E  NAME REWRITE F I LES}
ASSIGN { G , T E X T F I L E )  ;
ASSIGN ( F , F I LENAME)  ;
REWRITE (G) ;
RESET ( F ) ;
I :  = 1;
[READ I N  DATA FROM F}
WHILE NCT E C F ' F )  DO 
BEGIN
READ ( F , E A D [ I  ] , V E I [  I  ") ;
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I :  = I + 1 ;
END;
{GET DATA I N  ORDER}
I I : = 1 - 2 ;
FOR L : = 2  TO I I  CO EEGIN
FOR M : = 2  TO I I  DO EEGIN
I F  (R AD[ M ] > R A D [ H - 1 ] )  THEN BEGIN
TEH P R := RA D[ M -1  ] ;
T E H P U : = V E L [ H - 1  ] ;
R A D [ M - 1 ] :=RAD[M ] ;
VEL[  il— 1 ] : =  VEL[ M ] ;
R A D [ H ] : = T E M P R ;
V E L [ M ] : = T E M P U ;
END;
END ;
END;
{DATA NOW I N  RADIAL EES ENDING ORDER}
LMARK:= 99 9  ;
I I I :  = I - 2  ;
MAXVEL : = V E L [  1 ] ;
FOR L : = 2  TC I I I  DC BEGIN  
I F  { V E L [ L  ]>MAXVEL)  THEN BEGIN 
N A X V E L : = V E L [ L ];
LMARK: =1;
WRITELN { 'M AX.  VEL= * , H A X V E L : 6 ) ;
END ;
END;
I F  (LH AR K= 99 9) THEN EEGIN
WRITELN { 'EREOR+++ ++ + 4 + + + + + +4+ + ++ + + + + ♦-+++++ 4 4 4 4  4 4 4 4 4 4 4 4 * ) ; 
END;
INC: =HAD[ LMARK] ;
FOR L : = 1  TO I I  DO EEGIN  
RAD[L ] : = R A D [ L  J - I N C ;
END ;
H A L F U : = 0 - 5 * K A X V E L ;
W R I T E L N ( 'DO YOU WANT TO N O N - DI M E NS I O NA L IZ E THE DATA? ( Y/N)  * )  ; 
READLN (RESECNSE) ;
I F  (REEPCNSE=* Y *) OR (RESPCNSE=1Y 1) THEN
BEGIN
I :  = 0;
FOR L : =1  TO I I  DO EEGIN
I F  {RAD[L ] > —0« 0 0 0 0 1  ) THEN EEGIN
I : = 1 + 1 ;
E A D [ I  ] :  = E A D [ L ] ;
V E L [ I ] :  = V EL[ L  ] ;
END ;
END;
I I A :  = I ;
I I I :  = I - 3  ;
FOR J : = 1  TO I I A  DC 
BEGIN
I F  ' V E L [ J  ]<HALFU)  AND JVEL[ J41  ]>HALFU) AN E (R AD[ J ] > 0 .  0 ) THEN
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BEGIN
R M _ 2 1 : = (  ( HALFU-VEL[  J ]) /  ; V E I [  J + 1  ]“ VEL[ J ] )  ) *
(RAD£ J + 1 ]-BAD£ J ]) + RAD£ J 3;
WRITELN J' E M_ 2 1 = * , R M _ 2 1 ) ;
END ;
END ;
I :  = 0;
FOR L : = 1 TO I I  DC EEGIN 
I F  (RAD£ L]<0 .OOOO 1 ) THEN EEGIN 
I : =1+ 1 ;
ABAD[ I  ] : = R A D [ L  ] ;
AVEL[ I  ] :  =VEL[  L ] ;
END ;
END;
I I : = 1 ;
I I I :  = I - 3  ;
FOR J : = 1 TO I I  DC 
BEGIN
I F  (AV EL[ J ]> H ALF D) AND ( AVEL[ J  + 1 ]<HALFU) AND (AB AD[ J ] < 0 .  0) THEN 
BEGIN
RM_22:  = ( (HALFU—AVEL£ J ] ) /  (AVEL[  J+1 ] -AVEL[  J 3) ) *
(ARAD[ J + 1 ] -ARAD£ J 3) + ARAD£J} ;
WRITELN (• BM_22= » , R M _ 2 2 ) ;
END;
END;
WRITELN ( ' ARE THERE ANY NEG. RADI  ( Y / N )  ? ' ) :
READLN (EESECNSE) ;
I F  (RESECNSE= 1 N ’ ) OR (RESPCNSE=»N « ) 0B (R EEPC NS E= » NO» ) THEN 
BEGIN
EM_22:  = HM_2 1;
END;
RM_2: = (AES (RM_2 1) +ABS (RM 2 2) ) / 2 . 0 ;
WRITELN ( 1 R M_ 2= • / B M _ 2 ) ; ”
1 1 : = 1 1A ;
FOR J : =1  TO I I  DO 
BEGIN
B A D [ J ] :  = EAD£J ] / R M _ 2 ;
V E L £ J ] : = V E L £ J 3 / M A X V E I ;
END ;
END;
FOR J : = 1  TO I I  DC 
BEGIN
F.AD£ J ) :  = BAD£ J ] ;
VEL£ J 3: = VEL£ J ] ;
WRITELN ( G , R A D £ J 3 , V E L £ J ] )  ;
END ;
CLOSE ( F ) ;
CLOSE (G) ;
END.
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